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ABSTRACT
Iminoacetonitriles participate as reactive dienophiles in intramolecular Diels-Alder
cycloadditions affording quinolizidines and indolizidines. The resulting a-amino nitrile
cycloadducts are versatile intermediates that can be further elaborated in a stereoselective
manner. This thesis describes the development of intramolecular, enantioselective aza Diels-
Alder cycloadditions promoted by chiral Bronsted acids as well as the discovery that
iminoacetonitriles can also participate in acid catalyzed cycloadditions. The second part of this
thesis reports the total synthesis of (-)-quinolizidine 2071 using an intramolecular,
enantioselective cycloaddition of an iminoacetonitrile as the key step.
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Part I
Introduction and Background
Chapter 1: Introduction
Cycloaddition and Annulation Strategies
The vast number of natural products and pharmaceutical agents whose structure contains
a ring system has motivated our research group to develop practical, reliable, and efficient
methods for the preparation of cyclic and polycyclic molecules. Cyclizations and annulations
represent two general strategies for the construction of ring systems. A cyclization strategy
involves the intramolecular formation of one new bond, whereas an annulation strategy involves
the formation of two new bonds in either an intramolecular or intermolecular fashion to form the
cyclic structure.' Because it involves the formation of two new bonds, annulation provides a
more convergent and hence powerful strategy for the synthesis of cyclic compounds relative to
cyclization.
Scheme I
Cyclization
Annulation
For a definition of an annulation, see Danheiser, R. L.; Gee, S. K.; Sard, H. J. Am. Chem. Soc. 1982, 104, 7670-
7672.
Synthesis of Six-Membered Nitrogen Heterocycles via the Aza Diels-Alder Reaction
The development of methods for the efficient, stereocontrolled synthesis of substituted
nitrogen-containing heterocycles has been an active area of research because of the vast number
of natural products and pharmaceutical agents that contain this ring system. The Diels-Alder
cycloaddition, first reported in 1928 by Otto Diels and Kurt Alder, 2 has become the most
powerful reaction in organic synthesis for the construction of carbocyclic six-membered rings.
The utility of the Diels-Alder reaction derives from its ability to generate two carbon-carbon
bonds, set multiple stereogenic centers, and accommodate a wide variety of functionality on both
the diene and the dienophile component. '' Similarly, the aza Diels-Alder reaction of aza-
dienophiles6 or aza-dienes7 8 9 '10  has received considerable attention for the synthesis of
substituted six-membered nitrogen heterocycles (Scheme 2).
2 Diels, 0.; Alder, K. Liebigs Ann. Chem. 1928, 460, 98.
3 For reviews of Diels-Alder reactions see: (a) Carruthers, W. Cycloaddition Reactions in Organic Synthesis;
Pergamon Press: New York, 1990. (b) Beutner, G.; Chan, D. M. T.; Denmark, S. E.; Gothelf, K. V.; Jorgensen, K.
A.; Hayashi, Y.; Kanemasa, S.; Kobayashi, S. In Cycloaddition Reactions in Organic Synthesis; Kobayashi, S.;
Jorgensen, K. A., Eds.; Wiley-VCH: Weinheim, Germany, 2002. (c) Fringuelli, F.; Taticchi, A. The Diels-Alder
Reaction: Selected Practical Methods; John Wiley & Sons: New York, 2002. (d) Fringuelli, F.; Taticchi, A. Dienes
in the Diels-Alder Reaction; John Wiley & Sons: New York, 1990. (e) Oppolzer, W. In Comprehensive Organic
Synthesis; Trost, B. M.; Fleming, I. Eds.; Pergamon Press: Oxford, 1991, Vol. 5, pp 3 15-399.
4 For reviews of the intramolecular Diels-Alder reaction see: (a) Roush, W. R. In Comprehensive Organic Synthesis;
Trost, B. M.; Fleming, I., Eds.: Pergamon Press: Oxford, 1991, Vol. 5, pp 513-550.
5 For reviews of natural product synthesis using the intramolecular Diels-Alder reaction, see: (a) Nicolaou, K. C.;
Snyder, S. A.; Montagnon, T.; Vassilikogiannakis, G. Angew. Chem. Int. Ed. 2002, 41, 1668-1698. (b) Takao, K.;
Munakata, R.; Tadano, K. Chem. Rev. 2005, 105, 4779-4807. (c) Juhl, M.; Tanner, D. Chem. Soc. Rev. 2009, 38,
2983-2992.
6 For reviews of Diels-Alder reactions of imino dienophiles see: (a) Boger, D. L.; Weinreb, S. M. Hetero Diels-
Alder Methodology in Organic Synthesis; Academic Press: San Diego, 1987. (b) Weinreb, S. M. In Comprehensive
Organic Synthesis; Trost, B. M.; Fleming, I. Eds.; Pergamon Press: Oxford, 1991, Vol. 5, pp 401-449. (c)
Waldmann, H. Synthesis 1994, 535-551. (d) Tietze, L. F.; Kettschau, G. Top. Curr. Chem. 1997, 189, 1-120. (e)
Buonora, 0.; Olsen, J-C.; Oh, T. Tetrahedron 2001, 57, 6099-6138. (f) Heintzelman, G. R.; Meigh, I. R.; Mahajan,
Y. R.; Weinreb, S. M. Org. React. 2005, 65, 141-599. (g) Rowland, G. B.; Rowland, E. B.; Zhang, Q.; Antilla, J. C.
Current Organic Chemistry 2006, 10, 981-1005.
7 For reviews on the Diels-Alder of heterodienes including aza-dienes see: (a) Ref 6a. (b) Boger, D. L. In
Comprehensive Organic Synthesis; Trost, B. M.; Fleming, I. Eds.; Pergamon Press: Oxford, 1991, Vol. 5, pp 451-
507.
8 For a general review on the chemistry of aza-dienes see: Monbaliu, J.-C. M.; Masschelein, K. G. R.; Sevens, C. V.
Chem. Soc. Rev. 2011, Advance Article, DOI: 10.1039/c/1/cs15070g.
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During our laboratory's investigation of the cycloaddition chemistry of conjugated
enynes," we became interested in activated imine derivatives with the ability to function as
reactive 27n components in enyne as well as other cycloaddition processes. One focus of our
attention has been iminoacetonitriles, a class of electron-deficient imines whose cycloaddition
chemistry had not previously been examined.
Our interest in iminoacetonitriles was based on the expectation that they should function
as reactive partners in a variety of cycloaddition and annulation processes, providing access to
cyclic a-amino nitriles of various ring sizes (Scheme 3). As discussed later in this thesis, a-
9 For a review of N-aryl imines participating as dienes (Povarov reaction) see: Kouznetsov, V. V. Tetrahedron 2009,65, 2721-2750.
10 Related 1-aza-2-cyanodienes have been utilized in both intermolecular and intramolecular Diels-Alder
cycloadditions, see: (a) Teng, M.; Fowler, F. W. Tetrahedron Lett. 1989, 30, 2481-2484. (b) Teng, M.; Fowler, F.
W. J. Org. Chem. 1990, 55, 5646-5653. (c) Trione, C.; Toledo, L. M.; Kuduk, S. D.; Fowler, F. W.; Grierson, D. S.
J. Org. Chem. 1993, 58, 2075-2080. (d) Sisti, N. J.; Zeller, E.; Grierson, D. S.; Fowler, F. W. J. Org. Chem. 1997,62, 2093-2097. (e) Motorina, I. A.; Fowler, F. W.; Grierson, D. S. J. Org. Chem. 1997, 62, 2098-2105.11 (a) Danheiser, R. L. Gould, A. E.; Fernindez de la Pradilla, R.; Helgason, A. L. J Org. Chem. 1994, 59, 5514-
5515. (b) Wills, M. B.; Danheiser, R. L. J. Am. Chem. Soc. 1998, 120, 9378-9379. (c) Dunetz, J. R.; Danheiser, R. L.
J. Am. Chem. Soc. 2005, 127, 5776-5777. (d) Hayes, M. E.; Shinokubo, H.; Danheiser, R. L. Org. Lett. 2005, 7,3917-3920.
amino nitriles are versatile intermediates for the synthesis of functionalized nitrogen
heterocycles. Metalation provides opportunities for alkylation and other carbon-carbon bond-
forming processes, while exposure to Lewis acids furnishes iminium ions that can be intercepted
with Grignard reagents (Bruylants reaction) and organosilanes, or engaged in Mannich reactions
and other useful "cation-7r"-type processes.
Scheme 3
R
NaBH 4
cycloaddition
or
N annulation -R RMgX R
CN CN R
ZnC12, Ag*, R
Cu+2, etc.
C-C bond formation
via Mannich, Cation-r, etc.
The study of iminoacetonitriles, particularly their use in aza Diels-Alder cycloadditions,
has been an active area of research in the Danheiser laboratory for the past 15 years. The subject
of this thesis is the further development of iminoacetonitriles as aza-dienophiles and their
applications in the stereocontrolled synthesis of nitrogen heterocycles. In order to place this
work into context, the following chapters provide an overview of the current state of the art with
regard to the stereoselective synthesis of nitrogen-containing heterocycles via aza Diels-Alder
reactions of all classes of imino dienophiles. Chapter 2 covers intermolecular reactions of imino
dienophiles, while Chapter 3 reviews intramolecular cycloadditions.
Chapter 2: Intermolecular Aza Diels-Alder Cycloadditions
of Imino Dienophiles
The development of imine derivatives as dienophiles in Diels-Alder cycloadditions has
greatly facilitated the efficient synthesis of nitrogen heterocycles. This chapter focuses on
reviewing intermolecular cycloadditions of imino dienophiles, with a particular emphasis on
electron-deficient imines which are more reactive in hetero Diels-Alder cycloadditions.
Stereoselective Cycloadditions of Imino Dienophiles
Scheme 4 shows the most important classes of imino dienophiles.12 N-Sulfonylimines
(1)13 have been shown to react with both highly reactive dienes (i.e., cyclopentadiene and
Danishefsky-type dienes) and simple unactivated alkyl-substituted dienes. In general, good
regioselectivity is observed with unsymmetical dienes; however, only modest stereoselectivity is
observed. In many cases, an activating group on carbon such as a trihalomethyl or carboxyl
group is required to improve the reactivity of the sulfonylimine. Alternatively, Lewis acids such
as BF 3-OEt2 and ZnCl2 are often used to promote the cycloadditions.
1 For reviews of Diels-Alder reactions of iminodienophiles see Ref. 6.
13 For selected examples of N-sulfonylimines: (a) Kresze, G.; Albrecht, R. Chem. Ber. 1964, 97, 490-493. (b)
Albrecht, R.; Kresze, G. Chem. Ber. 1965, 98, 1431-1434. (c) Kresze, G.; Wagner, I. Liebigs Ann. Chem. 1972,
762, 106-110.
Scheme 4
0
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N-Acylimines, such as 214 and 315, are perhaps the most studied class of imino
dienophiles. N-Acylimines generally show high regioselectivity and tend to favor the exo
products in reactions with cyclic dienes; however, as the size of the substituent on the carbon
atom of the imine increases, a decrease in stereoselectivity is observed. N-Acylimines are not as
reactive as their N-sulfonyl analogs and generally require elevated temperatures and the presence
of Lewis acids to react, a requirement that significantly limits the range of dienes that react in
good yield.
Oximino ester derivative 416 has been shown to be one of the most reactive oximino
dienophiles and does participate in Diels-Alder reactions with unactivated dienes, but only at
elevated temperature and sometimes only with large excess of the diene present. Electron-rich
14 For examples of acyclic N-acylimines, see: (a) Merten, R.; Muller, G. Angew. Chem. 1962, 74, 866-871. (b)
Merten, R.; Muller, G. Chem. Ber. 1964, 97, 682-694. (c) Baldwin, J. E.; Forrest, A. K.; Monaco, S.; Young, R. J. J.
Chem. Soc., Chem. Commun. 1985, 1586-1587. (d) Fischer, G.; Frits, H.; Prinzbach, H. Tetrahedron Lett. 1986, 27,
1269-1272.
15 For examples of cyclic N-acylimines, see: (a) Goldstein, E.; Ben-Ishai, D. Tetrahedron Lett. 1969, 10, 2631-2634.
(b) Ben-Ishai, D.; Goldstein, E. Tetrahedron 1971, 27, 3119-3127.
16 (a) Biehler, J.-M.; Perchais, J.; Fleury, J.-P. Bull. Soc. Chim. Fr. 1971, 2711. (b) Biehler, J.-M.; Fleury, J.-P. J.
HeterocycL. Chem. 1971, 8, 431-440. (c) Perchais, J.; Fleury, J.-P. Tetrahedron 1972, 28, 2267-2283. (d) Fleury, J.-
P.; Desbois, M.; See, J. Bull. Soc. Chim. Fr. 1978, 11-147.
oxygenated dienes react with good regioselectivity, but the reactions of unactivated dienes are
not always as selective.
Our laboratory has reported the use of imine derivative 517 which reacts with a variety of
dienes either thermally or in the presence of two equivalents of Me2AlCl at -78 'C. The
resulting cycloadducts can be converted to pyridine derivatives upon exposure to NCS and
NaOMe.
Formiminium ions (6),18 generated from the reaction of amines and formaldehyde in
aqueous solution, participate in Diels-Alder reactions with unactivated dienes under mild
conditions (rt to 55C) in moderate to good yield (ca. 40-80%). Only iminium ions derived from
formaldehyde react in good yield. Wang has reported the use of lanthanide(III) triflates to
catalyze the aza Diels-Alder reaction of formiminium ions with a variety of dienes. 19 Under
these conditions iminium ions derived from aldehydes other than formaldehyde react, but only
with cyclopentadiene.
C-acyl imines (7) developed by Bailey have emerged as the most useful class of imino
dienophiles since these imines are easy to prepare, their cycloadditions proceed with good
stereocontrol, and a variety of unactivated dienes react in high yield. Bailey and co-worker's
initial report employed the iminium derived from 9, generated in situ by the reaction of ethyl
glyoxylate with benzylamine hydrochloride. In the presence of acid, imine 9 is a reactive
dienophile in aza Diels-Alder reactions with simple dienes, but reacts in somewhat modest yields
17 (a) Renslo, A. R.; Danheiser, R. L. J. Org. Chem. 1998, 63, 7840-7850. (b) Danheiser, R. L.; Renslo, A. R.;
Amos, D. T.; Wright, G. T. Org. Synth. 2003, 80, 133-143.
18 (a) Parker, D. T. In Organic Synthesis in Water; Grieco, P. A., Ed.; Blackie Academic & Professional: London,
1998; pp 47-81. (b) Larsen, S. D.; Grieco, P. A. J. Am. Chem. Soc. 1985, 107, 1768-1769. (c) Grieco, P. A.; Larsen,
S. D.; Fobare, W. F. Tetrahedron Lett. 1986, 27, 1975-1978.
19 For the use of lanthanide(III) triflates as catalysts, see: (a) Yu, L.; Chen, D.; Wang, P.-G. Tetrahedron Lett. 1996,
37, 2169-2172. (b) Zhang, W.; Xie, W.; Fang, J.; Wang, P-G. Tetrahedron Lett. 1999, 40, 7929-7933. (c) Yu, L.-
B.; Chen, D.; Li, J.; Ramirez, J.; Wang, P. G.; Bott, S. G. J. Org. Chem. 1997, 62, 208-211.
(eq 1).20 DMF proved to be a superior solvent due to the need for a catalytic amount of water (1
mol%) which must be present for the reaction to proceed. The best yields observed were with
cyclopentadiene, which affords the desired cycloadduct in 89% yield as a mixture of exo and
endo products (69:31). Acyclic dienes generally react with good diastereoselectivity favoring
the endo products (>90:10). Additionally, the cycloaddition of 9 with trans-2,4-hexadiene occurs
with suprafacial addition to afford the cis-substituted cycloadduct 10, consistent with the
Woodward-Hoffmann rules.21
_ R2  R3  R1
PhCHNHC N ^Ph N'Ph R
2O3 H EtO H TA EtO H R ()
o 0 O 21-89% EtO2C
8 910
In a later report,22 Bailey discussed several problems with this method including variable
yields dependent on the purity of imine 9 (which requires precise conditions for formation and
storage), poor yields with 1-substituted dienes, and modest stereocontrol with trans-1,3-
pentadiene. By using benzhydryl imine 11, which is easily prepared and isolated as an
indefinitely stable solid, more synthetically useful yields (>60%) and complete diastereocontrol
were obtained. Bailey has also applied this method to the total synthesis of pinidine. While
Bailey's iminium ions are the most useful aza dienophiles for reactions with unactivated dienes,
the acidic aqueous conditions are not compatible with Danishefsky's diene and result in
decomposition. Another important limitation is the fact that only the cis-2,6-substituted
piperidines can be accessed by this methodology and the cycloadducts always incorporate a
carboxyl group in the C2-position.
20 Bailey, P. D.; Wilson, R. D.; Brown, G. R. Tetrahedron Lett. 1989, 30, 6781-6784.
21 Woodward, R. B.; Hoffmnann, R. The Conservation of Orbital Symmetry; Verlag Chemie: Weinheim, 1970.
22 Bailey, P. D.; Smith, P. D.; Pederson, F.; Clegg, W.; Rosair, G. M.; Teat, S. T. J. Tetrahedron Lett. 2002, 43,
1067-1070.
R2 R3
Ph R R3Ph RI
Ph2CHNH 3*CI N Ph R1 / R4  Ph N R2
O CH2CE2 | TFA, CF3CH2OH | (2)
EtO H94% E H EtO 2C R3
0 0
8 11
12 R1, R4 = H; R2, R3 = CH3  95%
13 R', R2, R4 = H; R3 = CH 3  87%
14 R2, R3 , R4 = H; R1 =CH3  62%
15 R3, R4 = H; R1, R2 = CH3 42%
16 R2, R3 = H; R1, R4 = CH3  60%
The following sections provide an overview of methods for the asymmetric synthesis of
six-membered nitrogen heterocycles using chiral auxiliaries or chiral reagents.
Asymmetric Synthesis using Substrate Control via Chiral Auxiliaries
Three aza Diels-Alder strategies have been described that are based on the use of chiral
auxiliaries: 23 (a) reactions employing a chiral imine derived from a chiral aldehyde, (b) reactions
employing a chiral imine derived from a chiral amine, and (c) reactions employing a chiral diene.
The next few subsections highlight several examples of reactions from each category.
Aza Diels-Alder Reactions with Chiral Imines Derivedfrom Chiral Aldehydes
One of the earliest reports of chiral imines participating in aza Diels-Alder reactions was
reported by Midland.24 N-Benzyl,C-a-benzyloxy imines react with Brassard's diene to afford the
expected cycloadducts in good yield and with excellent stereoselectivity. Herczegh has reported
that the use of N-benzyl imines formed from ribose-derived aldehydes gives Diels-Alder
products in good yield and diastereoselectivity.25 However, in this method the stereocenters
23 For reviews see (a) Ref 6f. (b) Jorgensen, K. A. Angew. Chem. Int. Ed. 2000, 39, 3558-3588. (c) Ref 6g.
24 Midland, M. M.; Koops, R. W. J. Org. Chem. 1992, 57, 1158-1161.
25 Herczegh, P.; Kovics, I.; Sziligyi, L.; Sztaricskai, F. Tetrahedron, 1994, 50, 13671-13686.
from the aldehyde are ultimately incorporated in the final product which severely limits the
applications of this chemistry.
Cycloadditions of glyceraldehyde imine derivatives with Danishefsky's diene have been
reported by Diaz-de-Villegas and coworkers (eq 3).26 After optimization of the reaction
conditions, 20a and 20b were obtained in 88% yield and good diastereomeric ratio (95:5 dr).
Further improvement to the diastereoselectivity was achieved with double asymmetric induction
by using imine 18 (in which phenethylamine replaced benzylamine); this reaction afforded a
single diastereomer of the cycloadduct in the matched case. The protected diol could be
removed in two steps via hydrogenolysis followed by oxidative cleavage with NaIO4 and RuCl 3,
leaving a carboxylic acid as a synthetic handle.
R R R
'Ih OMe 1.1 equiv ZnP2
N Ph CH 3CN, -20 or -40 *C N
H + BnO BnO
~OSiMes H 0BnO BnO BnO
R=H 17 19 20a 20b
R= CH 3 18 R = H 88% 95:5
R= CH 3  75% 100:0 dr
Holmes and coworkers reported the cycloaddition of N-tosyl imines 21 and 22 with
cyclopentadiene.27 Under the optimum conditions, cycloadducts were obtained in 50-60% yield
and good diastereoselectivity (>85:15 dr) with only the exo cycloadducts observed (eq 4 and 5).
An important feature of this chemistry is the ease of removal of the chiral auxiliary by simple
saponification of the ester with LiOH in THF-water, leaving a carboxylic acid as a synthetic
26 Badorrey, R.; Cativila, C.; Diaz-de-Villegas, M. D.; Gilvez, J. A. Tetrahedron Lett. 1997, 38, 2547-2550. (b)
Badorrey, R.; Cativiela, C.; Diaz-de-Villegas, M. D.; Gilvez, J. A.; Tetrahedron 1999, 55, 7601-7612. (c) Badorrey,
R.; Cativiela, C.; Diaz-de-Villegas, M. D.; Gilvez, J. A.; Tetrahedron 2002, 58, 341-354.
27 Hamley, P.; Helmchen, G.; Holmes, A. B.; Marshall, D. R.; MacKinnon, J. W. M.; Smith, D. F.; Ziller, J. W. J.
Chem. Soc., Chem. Commun. 1992, 786-788.
handle. Holmes comments that this is a more attractive auxiliary strategy than those requiring
hydrogenolysis which often results in the reduction of the double bond present in the newly
formed six-membered ring. However, cyclopentadiene was the only diene evaluated in this
study.
5 equiv
N'Ts 0.1 equiv Et2AICI CO 2R* R*O2C
O 0toluene, -78 C +4EtO2C -- N H H N
50-60% Ts
0 Ts Ts
21 22a 12:88 22b
5 equiv
N s 0.3 equiv Et2AICI CO2 R*
N toluene, -78 *C + (5)
50-60% 1
0 Ts Ts
0 23 24a 85:15 24b
Prato had also reported that the use of N-tosyl analogs with cyclopentadiene furnish
products similar to those reported by Holmes but with almost no diastereoselectivity (53:47 to
60:40).28
Jurczak reported that slightly better yields can be obtained in
N Ph
cycloadditions of cyclopentadiene by using imine 25 bearing a 0
sulfonamide chiral auxiliary. In this case, the desired cycloadducts are sO2NCy2
obtained in 82% yield and 90:10 dr.29 No other dienes were examined. 25
Good yields and synthetically useful stereoselectivities were obtained in the highlighted
methods above. However, one severe limitation is that many of the methods only work well with
28 Maggini, M.; Prato, M.; Scorrano, G. Tetrahedron Lett. 1990, 31, 6243-6246.
29 Bauer, T.; Szymanski, S.; Jefewski, A.; Gluzifiski, P.; Jurczak, J. Tetrahedron Asymm. 1997, 8, 2619-2625. (b)
Szymanski, S.; Chapuis, C.; Jurczak, J. Tetrahedron Asymm. 2001, 12, 1939-1945.
cyclopentadiene, preventing those methods from being broadly applicable to the asymmetric
synthesis of a wide range of substituted nitrogen heterocycles.
Aza Diels-Alder Reactions with Chiral Imines Derivedfrom Chiral Amines
A more popular strategy has involved the use of imines derived from chiral amines. In
some of the earlier work in this field, Waldmann reported the use of amino acids as chiral
auxiliaries.30 The best results were obtained with 1.4 equiv of EtAlCl2 and with imine 26
containing tert-butyl valinate as the chiral auxiliary (Scheme 5). In general, good
diastereoselectivities (>90:10 28a/29a:28b/29b) and modest to good yields (>40%) were
obtained. However, only Danishefsky-type activated dienes were evaluated and the removal of
the chiral auxiliary proceeds in modest yield (ca. 60% over three steps). Oh has employed a
variation of this strategy using amino ethers, alcohols, and acid esters to chelate to various Lewis
acid catalysts. However, modest yields and selectivities were observed and only reactions with
activated dienes were examined.31
30 (a) Waldmann, H. Angew. Chem. Int. Ed. 1988, 27, 274-275. (b) Waldmann, H.; Braun, M.; Drager, M. Angew
Chem. Int. Ed. 1990, 29, 1468-1471. (c) Waldmann, H. Braun, M. Liegis Ann. Chem. 1991, 1045-1048. (d)
Waldmann, H.; Braun, M; Weymann, M.; Gewehr, M. Tetrahedron 1993, 49, 397-416.31 Devin, P. N.; Reilly, M.; Oh, T. Tetrahedron Lett. 1993, 34, 5827-5830.
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Grieco has reported the use of iminium ions derived from amino acid hydrochlorides to
effect asymmetric cycloadditions with cyclopentadiene. Excellent yields (81-98%) but poor
selectivities (50:50 to 75:25) were observed.32
Kunz et al. reported the use of amino-sugar 30 as a chiral auxiliary. Danishefsky's diene
reacts in good yields (>60-96%) and with excellent diastereoselectivities (>95:5), with both
aliphatic and aromatic imines (eq 6). Kunz also reported the use of unactivated dienes in
cycloadditions with imines derived from aromatic aldehydes,3 4 but unfortunately these reactions
afford the desired cycloadducts in good yield but as a mixture of diastereomers (69:31 to 90:10
dr). To access the enantiomeric products, Kunz developed a complementary auxiliary based on a
32 Grieco, P. A.; Bahsas, A. J. Org. Chem. 1987, 52, 5764-5749.
33 (a) Kunz, H.; Schanzenbach, D. Angew. Chem. Int. Ed. 1989, 28, 1068-1067. (b) Weymann, M.; Pfrengle, W.;
Schollmeyer, D.; Kunz, H. Synthesis 1997, 1151-1160.
3 Pfrengle, W.; Kunz, H. J. Org. Chem. 1989, 54,4261-4263.
pseudoenantiomer of 30.3 Unlike the amino acid derivatives discussed earlier, these sugars can
be removed by simple acidic hydrolysis (0.1 N HC1 in MeOH) and recovered in >95% yield.
R1
PvO OPv Aux1
Pv O v RCHO 'N R2  Aux'N R (6)
OPv Ar ZnCl2eEt 2O, Ar R2I DCM, 0 to rt30 ~ 31 ~ C~oH32R1= CH3 or H
R2 = CH 3 or H 90-98% yield of mixture
69:31-90:10 dr
48-60% yield of pure
diastereomer
Simple chiral amines, such as phenethylamine, have garnered the most attention as chiral
auxiliaries for aza Diels-Alder reactions. Stella and coworkers reported the cycloaddition of a N-
phenethyl imine derived from methyl glyoxylate with a variety of dienes using a 1:1 mixture of
TFA and BF 3-OEt2 to promote the reactions. Simple dienes (butadiene, 2,3-dimethylbutadiene,
and isoprene) react in moderate yields and with low diastereoselectivities. Cyclopentadiene,
however, reacts in excellent yield and excellent diastereoselectivity. 36
Grieco has also examined the Diels-Alder reaction of cyclopentadiene and
phenethylamine hydrochloride under his conditions, and obtained an 80:20 mixture of 35a and
35b in 86% yield (eq 7 ).18b
aq H200 [ - 3ktN-L Ph (7)
Ph,-NH*C aH2 Ph NH*Cl- +|| j 86% Ph
33 34 35a 35b
80:20
3 (a) Weymann, M.; Schultz-Kukula, M.; Kunz, H. Tetrahedron Lett. 1998, 39, 7835-7838. (b) Kranke, B.;
Hebrault, D.; Schultz-Kukula, M.; Kunz, H. Synlett 2004, 671-674.
36 Stella, L.; Abraham, H. Tetrahedron Lett. 1990, 31, 2603-2606. (b) Abraham, H.; Stella, L. Tetrahedron 1992,
48, 9707-9718.
Bailey and coworkers have also reported on the use of imines prepared from
phenethylamine. Under their conditions (TFA, DMF-H20), the yields and stereoselectivities
observed were moderate and variable with simple acyclic dienes and the best results were
obtained with cyclopentadiene. 37 A major breakthrough was the discovery that by incorporating
a second chiral auxiliary in a C-acyl group (36), excellent selectivities could be obtained with
both simple cyclic and acyclic dienes (eq 8).38 In terms of diene scope and stereoselectivity, this
is probably the most effective chiral auxiliary aza-dienophile strategy reported to date.
R2  R3
RI/\ R4
~ RI
Ph 1 equiv TFAN Ph cat H20 Ph N (8)
%%0 DMF Do 0CR3 (8)
__________ * RO2C R
0 40-69% R4
>98:2 dr
36 37 R1, R4 = H; R2, R3 = CH3  54%
38 R2, R3, R4 = H; R1 = CH3  53%
39 R1, R2, R4 =H;R 3 = CH3  48%
40 Cyclopentadiene 69%
41 Cyclohexadiene 51%
42 2-Methyl-1,3-cyclohexadiene 40%
Recently, the Gautun laboratory has reported the use of chiral N-sulfinyl a-imino esters
as chiral auxiliaries in aza Diels-Alder reactions with simple unactivated dienes and
cyclopentadiene (eq 9).39 The best results were obtained with tert-butylsulfinimine 43 which is
conveniently prepared from tert-butyl disulfide in three steps. The synthesis of 43 involves
catalytic asymmetric oxidation of tert-butyl disulfide, followed by the addition of LiNH 2 to the
3 (a) Bailey, P. D.; Wilson, R. D.; Brown, G. R. J. Chem. Soc., Perkin Trans. 1 1191, 1337-1340. (b) Bailey, P. D.;
Brown, G. R; Korber, F.; Reed, A.; Wilson, R. D. Tetrahedron Asymm. 1991, 2, 1263-1282.38 Bailey, P. D.; Londesbrough, D. J.; Hancox, T. C.; Heffernan, J. D.; Holmes, A. B. J Chem. Soc., Chem.
Commun. 1994, 2543-2544.
39 (a) Andreassen, T.; Hiland, T.; Hansen, L. K.; Gautun, 0. R. Tetrahedron Lett. 2007, 48, 8413-8415. (b)
Andreassen, T.; Lorentzen, M.; Hansen, L-K.; Gautun, 0. R. Tetrahedron 2009, 65, 2806-2817.
corresponding thiosulfinate ester. 40  The resulting chiral sulfinamide can then undergo
condensation with ethyl glyoxylate to afford imine 43 in 64% yield (over three steps). 4' Using
one equivalent of TMSOTf as a promoter, the resulting cycloadducts were obtained in moderate
yields in the case of isoprene (48% yield, 20 equiv of diene required), 2,3-dimethylbutadiene
(64% yield with 2 equiv of diene), and cyclopentadiene (49% yield), but with excellent
selectivity (>99:1 dr). However, the scope of this method appears to be limited since 1,3-
pentadiene and 2,5-hexadiene both react in extremely poor yields (7% and 14%, respectively).
The sulfinimine can be removed from the cycloadducts by acidic hydrolysis.
R2  R3
t-Bu
-B t-Bu
N ',O 1.0 equiv TMSOTf 2
EtO CH2C 2, -78 -C, 3.5 to 20 h O N (9)
O R3
4 2,_8__ _
44 R2 = H, R3 = CH 3 48% yield, >99:1 dr
43 45 R2, R3 = OH3  64% yield, >99:1 dr
Aza Diels-Alder Reactions with Chiral Dienes
There are relatively few examples of the application of chiral dienes in aza Diels-Alder
reactions of imino dienophiles. Barluenga reported the Diels-Alder reaction of chiral diene 46
with various C-aryl imines (47) to afford cycloadducts 48 in modest yield and modest to good
enantioselectivity (Scheme 6).42,43 In this case, the chiral auxiliary can be removed upon
40 Cogan, D. A.; Liu, G.; Kim, K.; Backes, B. J.; Ellman, J. A. J. Am. Chem. Soc. 1998, 120, 8011-8019.
41 Davis, F. A.; McCoull, W. J. Org. Chem. 1999, 64, 3396-3397.
42 Barluenga, J.; Aznar, F.; Valdds, C.; Martin, A.; Garcia,-Granda, S.; Martin, E. J. Am. Chem. Soc. 1993, 115,
4403-4404. (b) Barluenga, J.; Aznar, F.; Cristina, R.; Vald6s, C.; Fernndez, M.; Cabal, M.-P.; Trujillo, J. Chem.
Eur. J. 1996, 2, 805-811.
exposure to aqueous NaHCO 3. Barluenga has applied these dienes to the synthesis of pipecolic
acid derivatives4 and nuphar alkaloids.45
Scheme 6 NaHMDS
OR
ZnCI2; OR ,ORMe 
-SiMe3 2
+ N aq NaHCO 3
a1 NH + - NH
Ar a. 30-60% o .''Ar 0 "Ar
'--.-OMe 75:25-99:1 er 48a 48b
46 47
In summary, while there are a number of reports of asymmetric synthesis using chiral
auxiliaries in imino Diels-Alder reactions, there are no methods in which both activated and
unactivated dienes give consistently high yields and high selectivities. Diaz-de-Villegas' and
Waldmann's methods work well with Danishefsky's diene, but require several steps for the
removal of the auxiliary. Kunz's chiral sugars also give good results with Danishefsky's diene,
and the lack of atom economy is mitigated by the ability to recover the sugar after deprotection.
However under Kunz's conditions, unactivated dienes react with lower diastereoselectivity.
Bailey's method is the most effective approach developed to date that provides synthetically
useful yields and high selectivity with unactivated dienes. The next section will discuss the use
of reagent control to effect enantioselective cycloadditions.
43 Hamada was the first to report the use of a chiral diene in aza Diels-Alder reactions. Although excellent
diastereoselectivity was observed, the stereocenters were incorporated into the final product limiting the utility of
this method: Hamada, T.; Sato, H.; Hikota, M.; Yonemitsu, 0. Tetrahedron Lett. 1989, 30, 6405-6408.
44 Barluenga, J.; Aznar, F.; Vald6s, C.; Ribas, C. J. Org. Chem. 1998, 63, 3918-3924.
45 Barluenga, J.; Aznar, F.; Ribas, C.; Valdes, C. J. Org. Chem. 1999, 64, 3736-3740.
Asymmetric Synthesis using Chiral Catalysts and Promoters
Although considerable progress has been made in developing enantioselective hetero
Diels-Alder reactions of various carbonyl compounds using chiral Lewis acids, analogous
reactions with imine derivatives have only recently become practical.46  There are several
challenges associated with developing catalytic asymmetric aza Diels-Alder reactions. First, the
nitrogen atom in the resulting amine products is more basic than the sp2 nitrogen in the imine
starting materials, resulting in a stronger association with catalyst which can lead to deactivation
or inhibition. Thus, high catalyst loadings or stoichiometric amounts of the chiral promoter are
often employed in order to achieve useful conversions and enantioselectivities. For this reason,
the nitrogen atom also is often substitutedwith an aryl ring or carbonyl group to attenuate the
basicity of the resulting product amine. A second difficulty is that imines often readily undergo
E/Z isomerization which allows for the possibility of several different imine-reagent complexes
in solution. 6f Finally, the dienophilicity of imine-Lewis acid complexes tends to be relatively
low, making it difficult to develop systems that will react efficiently with other than highly
electron-rich dienes such as Danishefsky's diene.
H. Yamamoto was the first to report an enantioselective aza Diels-Alder reaction of an
imino dienophile. In the presence of boron Lewis acid 49 (Figure 1), N-benzyl imines react with
Danishefsky's diene to give the corresponding cycloadducts in good yield and
enantioselectivity. 47 A number of different imines were evaluated in this study; however, the
best results were observed for N-benzyl-C-aryl imines. Yamamoto later reported the use of
46 For reviews, see: (a) Ref 23b. (b) Pellissier, H. Tetrahedron 2009, 65, 2839-2877. (c) Ref 6f. (d) Ref. 6g. (e)
Yamashita, Y.; Kobayashi, S. Catalytic Asymmetric Aza Diels-Alder Reactions. In Handbook of Cyclization
Reactions; Ma, S., Ed.; Wiley-VCH: Weinheim, Germany, 2010; pp 59-86.
47 (a) Hattori, K.; Yamamoto, H. J. Org. Chem. 1992, 57, 3264-3265. (b) Hattori, K.; Yamamoto, H. Tetrahedron
1993, 49, 1749-1760. (c) Hattori, K.; Yamamoto, H. Synlett 1993, 129-130.
complex 50 as a promoter, giving slightly better yields and enantioselectivities in the Diels-Alder
reactions with Danishefsky's diene (eq 10), as well as good results in aldol-type reactions.48
Although a stoichiometric amount of the chiral complex 50 was required due to the
unactivated nature of the imine, BINOL could be recovered in quantitative yield. Increased
enantioselectivity was achieved through double asymmetric induction employing chiral imine
52.
Figure 1
H+
'B-OAr 'B'O' O. 1
49 50
R OMe 1.0 equiv Lewis acid 50 R
4 A sieves, -78 OC
N Ph + N_ 
_ _ _ Ph N (10)
Ph OSiMe3  Ph' O
R H 51 19 53 78% yield, 93:7 er
R=Me 52 54 64% yield, >99:1 dr
After Yamamoto's initial report, a number of laboratories described the enantioselective
cycloaddition of imines with Danishefsky's or Danishefsky-type dienes (Scheme 7) employing
different chiral Lewis acids as promoters or catalysts (Figure 2).
48 Ishihara, K.; Miyata, M.; Hattori, K.; Tada, T.; Yamamoto, H. J. Am. Chem. Soc. 1994, 116, 10520-10524.
Scheme 7
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Kobayashi
Wulff reported the use of the VAPOL-based catalyst 55 for the Diels-Alder reaction of
imines with Danishefsky's diene. N-Benzyl and N-benzhydryl imines derived from aromatic
aldehydes react to give cycloadducts in good yield (69-84%) and with good enantioselectivity
(87:13-96:4 er). Good yields and enantioselectivities were obtained for C-cyclohexyl and C-
isopropyl imines (90% yield, 96:4 er and 64% yield, 95:5 er, respectively), but the reactions of
imines derived from non-a-branched aliphatic aldehydes proceed in lower yield and
enantioselectivity. 4 9 Reagent 56 was reported by Whiting for a single example of the reaction of
49 Newman, C. A.; Antilla, J. C.; Chen, P.; Predeus, A. V.; Fielding, L.; Wulff, W. D. J. Am. Chem. Soc. 2007, 129,
7216-7217.
+ Zr(OPr)4
59
an N-aryl-C-acyl imine with Danishefsky's diene (78% yield and 97:3 er).50'5 Stoichiometric
amounts of the reagent provided the best results, as the use of catalytic amounts (10 mol%) of 56
resulted in a significant decrease in enantioselectivity (97:3 to 70:30). Kobayashi has reported
three different zirconium catalysts for imino Diels-Alder reactions. Catalyst 5752 works best for
the reaction of N-aryl imines with Danishefsky-type dienes giving cycloadducts in 79-97% yield
and 82:18 to 97:3 er. Low yields (ca. 50%) but similar enantioselectivities were observed for C-
cyclohexyl-N-aryl imines. Lower catalyst loadings (1-5 mol% instead of 10-20 mol%) were
achieved with catalyst 58, which displayed similar yields, enantioselectivities, and substrate
tolerance as 57.53 Kobayashi also reported the reaction of aliphatic, non-a-branched
benzoylhydrazones and Danishefsky-type dienes catalyzed by 59 to afford cycloadducts in
moderate yields (50-70%) and with good enantioselectivity (95:5 to 97:3 er).
Figure 3
tBu 
- i-Pr i-Pr Me Et
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Carterro Feng Hoveyda Jorgensen
Figure 3 presents catalyst systems55 reported by Carretero, 56 Feng,57 Hoveyda,'5 8 and
Jorgensen 59' 60 for similar imino Diels-Alder reactions. The reactions of N-aryl or N-tosyl imines
50 Whiting also published work using other catalyst systems with either single examples or poor enantioselecitivity,
see: Bromidge, S.; Wilson, P. C.; Whiting, A. Tetrahedron Lett. 1998, 39, 8905-8908. (b) Morgan, P. E.; McCague,
R.; Whiting, A. J. Chem. Soc., Perkin Trans. 1, 2000, 515-525. (c) Bari, L. D.; Guillarme, S.; Hermitage, S.;
Howard, J. A. K.; Jay, D. A.; Pescitelli, G.; Whiting, A.; Yufit, D. S.; Synlett 2004, 708-7 10.
s1 Guillarme, S.; Whiting, A. Synlett 2004, 711-713.
52 Kobayashi, S.; Komiyama, S.; Ishitani, H. Angew. Chem. Int. Ed. 1998, 37, 979-98 1.
5 Kobayashi, S.; Kusakabe, K.; Ishitani, H. Org. Lett. 2000, 2, 1225-1227.
54 Yamashita, Y.; Mizuki, Y.; Kobayashi, S. Tetrahedron Lett. 2005, 46, 1803-1806.
ss (S)-proline has also been reported as an organocatalyst for imino-Diels-Alder reactions, but it is limited to cyclic
dienes: Sund6n, H.; Ibrahem, I.; Eriksson, L.; C6rdova, A. Angew. Chem. Int. Ed. 2005, 44, 4877-4880.
56 Manchefuo, 0. G.; Arrayis, R. G.; Carretero, J. C. J. Am. Chem. Soc. 2004, 126, 456-457.
derived from aromatic aldehydes with Danishefsky's diene proceed in good yield and
enantioselectivity with these catalysts. a-Branched aliphatic imines are tolerated in selected
cases, but lower yields and enantioselectivities are often obtained when simple aliphatic imines
are used.
The first examples of an enantioselective aza Diels-Alder of an imine with an unactivated
diene was developed by Jorgensen, who reported that the reaction of imine 64 with 2,3-
dimethylbutadiene catalyzed by 63 affords cycloadduct 65 in 64% yield and 83:17 er (eq 11).59'60
This was the only example of a reaction of an unactivated diene reported in these papers.
js 10 mol% 63 Ts,'
EtO 2C EtO2C
64 65
64% yield, 83:17 er
Of great interest to our own research are the reports of aza Diels-Alder reactions
promoted by chiral Bronsted acids. Akiyama reported the use of phosphoric acid 68 to catalyze
the aza Diels-Alder reaction of ortho-hydroxy N-aryl imine 66 with two equivalents of
Danishefsky's diene, affording cycloadduct 67 in good yield and with good enantioselectivity
(Scheme 8).61 Akiyama's explanation of the stereochemical outcome of this reaction invoked
complex 69.
57 (a) Shang, D.; Xin, J.; Liu, Y.; Zhou, X.; Liu, X.; Feng, X. J. Org. Chem. 2008, 73, 630-637. For a use of
Yb(OTf) 3 with a related ligand, see: Chen, Z.; Lin, L.; Chen, D.; Li, J.; Liu, X.; Feng, X. Tetrahedron Lett. 2010, 51,
3088-3091.
58 Josephson, N.; Snapper, M. L.; Hoveyda, A. H. J Am. Chem. Soc. 2003, 125, 4018-4019.
59 (a) Yao, S.; Fang, X.; Jorgensen, K. A. J Chem. Soc., Chem. Commun. 1998, 2547-2548. (b) Yao, S.; Saaby, S.;
Hazell, R. G.; Jorgensen, K. A. Chem. Eur. J. 2000, 6, 2435-2448.
60 Jorgensen also reported cycloadditions of imine 64 with Danishefsky-type dienes and cyclopentadiene catalyzed
by 63, see: (a) Yao, S.; Johannsen, M.; Hazell, R. G.; Jorgensen, K. A. Angew. Chem. Int. Ed. 1998, 37, 3121-3124.
(b) Ref. 59b
61 Akiyama, T.; Tamura, Y.; Itoh, J.; Morita, H.; Fuchibe, K. Synlett 2006, 141-143.
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In a subsequent report, Akiyama described Diels-Alder reactions of this type of imine
with Brassard's diene (27) employing acid 72 as the Bronsted acid catalyst (Scheme 9). Imines
derived from a variety of electron-rich and electron-deficient aromatic aldehydes are tolerated
this approach in addition to branched (isopropyl and cyclohexyl) aliphatic imines. 62
Scheme 9
OSiMe3 1) 3 mol% 72 OH 9-anthryl
2) 1 equiv PhCO2H N NN ' + MeO :P,'- H
R OH OMeR Ro 09-anthryl
70 27 71 72
63-90% yield
96:4- >99:1 er
Rueping63 and Gong64 independently reported almost identical reactions of C-arylimines
with cyclohexenone (Scheme 10). The cycloadditions in both reports proceed in moderate yields
and with good enantioselectivities, but afford a mixture of endo and exo isomers.
62 Itoh, J.; Fuchibe, K.; Akiyama, T. Angew. Chem. Int. Ed. 2006, 45, 4796-4798.
63 Rueping, M.; Azap, C. Angew. Chem. Int. Ed. 2006, 45, 7832-7835.
Scheme 10
0 Reuping: 10 mol% 73 + A04-biphenyl 4-CICH 4
N'PG 20 mol% AcOH |0
+ r 0N H OH
Ar + Gong: 10 mol% 74 'P [ 1
PG 4-biphenyl 4IC6Ha
Reuping PG = 4-Br-C6H4  ca. 50-70% yield
Gong PG = 4-OMe-C6H4  80:20 to 90:10 endo/exo 73 74
88:12-94:6 er
Leighton has recently reported the use of silicon Lewis acids for the Diels-Alder reaction
65
of acylhydrazones with Danishefsky's diene (eq 12). Using 1.5 equivalents of Lewis acid 76,
C-aryl imine 75 reacts in good yields (58-85%) and with good enantioselectivities (>99:1 er).
The only aliphatic imine investigated (C-isobutyl) gave similar results, but required 2.0
equivalents of the Lewis acid.
Ph,. , t-Bu
1.5 equiv Mel N CI
O Ar Me Ar
,NH OMe 76
N toluene, rt N N (12)
RI) + OSIMe3  R0I O
75 19 77
R1 = Ar or 58-81% yield
CH 2CH(Me)2  94:6 to 96:4 er
As shown in eq 13, Leighton has recently described modified conditions for aza Diels-
Alder reactions with a variety of unactivated dienes.66 Excellent yields (most >70%) and
enantioselectivities (>91:9) were obtained for both C-acyl and aliphatic acylhydrazones, but C-
aryl imines proved unreactive under these conditions. A variety of functionality is tolerated with
regard to the dienes, but nearly all of the cases reported involve 2-substiuted dienes. The N-N
64 Liu, H.; Cun, L.-F.; Mi, A.-Q.; Jiang, Y.-Z.; Gong, L.-Z. Org. Lett. 2006, 8, 6023-6026.
65 Lee, S. K.; Tambar, U. K.; Perl, N. R.; Leighton, J. L. Tetrahedron 2010, 66, 4769-4774.
66 Tambar, U. K; Lee, S. K.; Leighton, J. L. J. Am. Chem. Soc. 2010, 132, 10248-10250.
bond in the resulting hydrazide products (80) proved somewhat difficult to cleave, requiring two
steps to produce either the secondary amine or N-methylamino products in 56-70% overall
yield. Although 1.5 equivalents of the Lewis acid 79 is required, this Lewis acids is easily
prepared in one-pot and the pseudoephedrine can be recovered in 93% yield.
Ph', 0 Ph
1.5 equiv M'
Me
79
,NHPv 2 PvHNN R2
R+ CHCl 3, rt or reflux R N R3 (13)
78 80
R1 = -C02i-Pr or 54-90% yield
-(CH 2)2Ph >91:9 er
In summary, the last two decades have seen a great deal of activity in the search for
methods to achieve catalytic, enantioselective intermolecular Diels-Alder reactions of imines. A
great number of methods have been developed for reactions between aromatic imines and
Danishefsky-type dienes that proceed in good yield and with good enantioselectivities.
However, none of these methods are applicable to unactivated dienes with the exception of a
single example reported by Jorgensen. Leighton's method employing 1.5 equiv of his silicon
Lewis acid represents the state of the art for the enantioselective aza Diels-Alder reaction of
imines with unactivated dienes. The reaction tolerates a wide variety of functionality and is
capable of affording a variety of cycloadducts in high yield and with excellent enantioselectivity.
The ease of preparation of the reagent and the ability to recover the pseudoephedrine in high
yield offset the disadvantages associated with the need for an excess (1.5) of the reagent.
The next chapter provides an overview of the state of the art of intramolecular imino
Diels-Alder reactions.
Chapter 3: Intramolecular Aza Diels-Alder Cycloadditions
of Imino Dienophiles
Many of the classes of imines used in intermolecular cycloadditions have also been used
in intramolecular aza Diels-Alder cycloadditions, although far fewer examples have been
reported to date. 67 This chapter will provide an overview of the current state of the art with
regard to intramolecular aza Diels-Alder reactions of imino dienophiles.
Stereoselective Intramolecular Cycloadditions of Imino Dienophiles
The most extensive investigations of intramolecular imino Diels-Alder reactions have
been carried out in the laboratories of Weinreb and Grieco using N-acylimines and iminium ions,
respectively. Weinreb's strategy involves the thermolysis of N-acetoxymethyl amides 81 to
generate N-acylimines 82 as reactive dienophiles which undergo the Diels-Alder cycloaddition to
afford either quinolizidines (n = 2) or indolizidines (n = 1) 83 (eq 14).68
1 8 0 -3 7 0 *n
N _j~ N N (14)
OAc -AcOH
n = 1,281 82 83
As shown in eq 15, in some cases Weinreb has obtained quinolizidine cycloadducts with
excellent stereoselectivity with regard to substitutents on the connecting tether. This
cycloaddition presumably proceeds via a transition state with an endo carbonyl group and with
67 There are a few reports of the use of other classes of imines in intramolecular aza Diels-Alder reactions. For a
review, see: Ref. 6f, pg 195-200.
68 Khatri, N. K.; Schmitthenner, H. F.; Shringapure, J.; Weinreb, S. M. J. Am. Chem. Soc. 1981, 103, 6387-6393.
the benzyloxymethyl group pseudoequatorial on the developing six-membered ring.69 However,
in cycloadditions leading to indolizidine ring systems, poor stereoselectivities are observed with
70
respect to an allylic substituent. Weinreb and coworkers have successfully applied this
methodology to the synthesis of several natural products including epi-lupine 9 and slaframine.7 4
OR OR
180 0C 1 H
dichlorobenzene OR
H (15)N 93% N
O H
OAc 0 0
84 85 86
Weinreb and coworkers have also extended their method to include imine dienophiles
with acyl groups attached at both the nitrogen and carbon atoms of the imine.7' Thermolysis of
87 affords imine 88 which then undergoes Diels-Alder cycloaddition to afford bicyclic
carbamate 89 as a single diastereomer in 83% yield (eq 16). It was suggested that the N-acyl
group, rather than the C-acyl group, is endo with respect to the diene and the alkyl substituent is
pseudoequatorial in the transition state.72 Weinreb has applied this aza Diels-Alder chemistry to
the total synthesis of anhydrocannabiasativene.73
toluene MeO 2C
i-Pr2EtN H Hn-C5H11 215 "C, 3 h -N ,n-C5H11
H 0n-CH11 83% N O (16)
AcO N LeOj OMeO 2C O87 - 88 - 89
69 (a) Bremmer, M. L.; Weinreb, S. M. Tetrahedron Lett. 1983, 24, 261-264. (b) Bremmer, M. L.; Khatri, N. A.;
Weinreb, S. M. J. Org. Chem. 1983, 48, 3661-3666.
70 Gobao, R. A.; Bremmer, M. L.; Weinreb, S. M. J. Am. Chem. Soc. 1982, 104, 7065-7068.71 (a) Nader, B.; Franck, R. W.; Weinreb, S. M. J. Am. Chem. Soc. 1980, 102, 1153-1155. (b) Nader, B.; Bailey, T.
R.; Franck, R. W.; Weinreb, S. M. J Am. Chem. Soc. 1981, 103, 7573-7580. (c) Bland, D. C.; Raudenbush, B. C.;
Weinreb, S. M. Org. Lett. 2000, 2, 4007-4009.
72 This is similar to the preference observed for intermolecular reactions with cyclic dienes, see: Ref. 6f, pp 152-153.
7 Bailey, T. R.; Garigipati, R. S.; Morton, J. A.; Weinreb, S. M. J. Am. Chem. Soc. 1984, 106, 3240-3245.
Grieco and coworkers have shown that simple formiminium ions, generated in situ from
amine hydrochlorides in aqueous formaldehyde, undergo Diels-Alder cycloadditions to give
nitrogen heterocycles.74 For example, addition of amine 90 or 93 to aqueous HCl and
formaldehyde affords the expected indolizidine or quinolizidine in good yield via Diels-Alder
cycloaddition of the intermediate iminium ion 91 or 94 (eq 17). Grieco does not report the use of
aldehydes other than formaldehyde in this paper and it should be noted that using acetaldehyde
or acetone in the intermolecular variant of this process leads to low yields and complex mixtures
of products. Experiments in our laboratory have confirmed that the intramolecular process also
is limited to reactions with formaldehyde.7 5
HCHO, HCI[
H20,50 -C IIH)H2n n n 0 -n (17)
n= 1, 2 L -
n=1 90 91 n = 1 92 95%
n=2 93 94 n = 2 95 65%
Unlike Weinreb's N-acylimines (which incorporate carbonyl groups in the connecting
chain), Grieco's iminium ions do not react with high stereocontrol. As shown in eq 18, exposure
of dienyl aldehyde 96 to aqueous ammonium chloride produces diastereomeric cycloadducts 97a
and 97b in 55% yield as a 69:31 mixture.76
Me NH4CI, EtOH/H 20 MH MH
75 *C, 48 h
Pr N Pr N PrHHH H
96 97a 69:31 97b
7 (a) Ref. 18. (b) Grieco, P. A.; Larsen, S. D. J Org. Chem. 1986, 51, 3553-3555. (c) Grieco, P. A.; Parker, D. T.
J. Org. Chem. 1988, 53, 3325-3330.
75 Amos, D. T.; Renslo, A. R.; Danheiser, R. L. J. Am. Chem. Soc. 2003, 125, 4970-4971
76 Grieco, P. A.; Parker, D. T. J. Org. Chem. 1988, 53, 3658-3662.
Asymmetric Intramolecular Cycloadditions of Imino Dienophiles
Despite a number of reports of asymmetric intermolecular aza Diels-Alder reactions of
imines, we are unaware of any examples of the asymmetric intramolecular reaction of imino
dienophiles.
Summary
Intramolecular aza-Diels Alder reactions of imino dienophiles have received considerably
less attention than the intermolecular variant. The methods developed by Grieco and Weinreb
represent the state of the art for intramolecular imino Diels-Alder reactions. We believed that
iminoacetonitriles would provide several advantages as imino dienophiles and would provide
access to substituted nitrogen heterocycles that are not easily obtained by either of the existing
methods. Part II of this thesis describes our recent investigation of the intramolecular Diels-
Alder of iminoacetonitriles including our discovery of acid-catalyzed cycloadditions and our
development of enantioselective cycloadditions employing chiral Bronsted acids. Part III reports
the total synthesis of (-)-quinolizidine 2071 featuring an enantioselective intramolecular
cycloaddition of an iminoacetonitrile as the key step.
Part II
Further Development of Iminoacetonitriles as Dienophiles in
Diels-Alder Cycloadditions
Chapter 1: Previous Studies of Thermal and Acid-Promoted
[4 + 2] Cycloadditions of Iminoacetonitriles
The chemistry of iminoacetonitriles has been an active area of research in the Danheiser
laboratory for many years. This chapter will briefly discuss the previous work of Adam Renslo,
David Amos, and Kevin Maloney on the preparation of iminoacetonitriles, the use of
iminoacetonitriles as dienophiles in aza Diels-Alder reactions, and the synthetic utility of the
resulting cycloadducts. This earlier work served as the foundation for our recent investigations
into the development of acid-catalyzed and enantioselective cycloadditions of
iminoacetonitriles. 7
Preparation of Iminoacetonitriles
In studies prior to our work, iminoacetonitriles were prepared via the chlorination of a-
amino nitriles followed by elimination of HCl with base.78'79 Adam Renslo developed a "one-
flask" procedure for the conversion of a-amino nitriles to iminoacetonitriles. As shown in
Scheme 11, treatment of 99 with one equivalent of NCS followed by the addition of one
equivalent of sodium methoxide delivered iminoacetonitrile 100 as a mixture of E/Z isomers.
The E/Z mixture is inconsequential as experiments in our laboratory have shown that the imines
7 For a full discussion of their work, see: (a) Amos, D. T. Ph. D. Thesis, Massachusetts Institute of Technology,
June 2003. (b) Maloney, K. M. Ph. D. Thesis, Massachusetts Institute of Technology, June 2007.
78 (a) Boyer, J. H.; Dabek, H. J. Chem. Soc., Chem. Commun. 1970, 1204-1205. (b) Ferris, J. P.; Donner, D. B.,
Lotz, W. J. Am. Chem. Soc. 1972, 94, 6968-6974. (c) Boyer, J. H.; Kooi, J. J. Am. Chem. Soc. 1976, 98, 1099-1103.
(d) Perosa, A.; Selva, M.; Tundo, P. Tetrahedron Lett. 1999, 40, 7573-7576. (e) Perosa, A.; Selva, M.; Tundo, P. J.
Chem. Soc., Perkin Trans. 2 1999, 2485-2492
79 For recent studies on iminoacetonitriles generated by flash vacuum thermolysis, see: (a) Chrostowska, A.;
Dargelos, A.; Graciaa, A.; Khayar, S.; Lesniak, S.; Nazarski, R. B.; Nguyen, T. X. M.; Maciejczyk, M.; Rachwalski,
M. Tetrahedron 2009, 65, 9322-9327. (b) Lesniak, S.; Chrostowska, A.; Kuc, D.; Maciejczyk, M.; Khayar, S.;
Nazarski, R. B.; Urbaniak, L. Tetrahedron 2009, 65, 10581-10589.
equilibrate more rapidly than they undergo cycloaddition under our thermally promoted
cycloaddition conditions.
Scheme 11
1.0 equiv BrCH 2CN NCS, THF, rt, 15 min;
CH2CI2, rt, 36 h NaOMe, 0 *C, 30 min
NH NCH2 57% N 66%
E/Z 80:20
CN CN
98 99 100
The resonances for the methylene adjacent to the nitrogen atom of the imine E and Z
isomers are well resolved in the 'H NMR spectra of the iminoacetonitriles. Stereochemical
assignment was made based on analysis of the chemical shift and 4J coupling constants between
the imino proton H* and the a-methylene protons.80 The assignment of the major isomer as the E
iminoacetonitrile is also supported by the trend observed in the ratios of E/Z iminoacetonitriles
with a-substituents of increasing steric demand.8 '
H*
R CN
E:Z ratio
R = H 80:20
R = CH 3  92:8
R = CH2OSi(i-Pr)3  100:0
Although this method readily furnished the desired iminoacetonitriles, the most direct
synthetic routes envisioned to the required amines (e.g., 98) all involved substitution reactions of
alcohols with azide or cyanide followed by reduction. Therefore, a more expeditious route to
80 For full details regarding the stereochemical assignment of E and Z iminoacetonitriles, see: Ref. 77a pp 44-49.
81 These iminoacetonitriles were prepared by Kevin Maloney.
iminoacetonitriles was developed by David Amos that starts with readily available alcohols
(Scheme 12)." Mitsunobu reactions2 of an alcohol with the previously unknown sulfonamide
102, followed by elimination with a carbonate base routinely furnishes iminoacetonitriles in
good yield. Optimization studies showed that cesium carbonate gives the best results with fast
reaction rates and minimal byproduct formation.
Scheme 12
CF3SO 2NHCH 2CN (102)
PPh3, DEAD 4 equiv Cs2CO3
THF, rt, 30 min THF, 55 *C, 2.5 h
COH N
87-94% 87-90% E/Z 80:20
CN CN
101 103 100
In general, iminoacetonitriles are susceptible to hydrolysis under acidic conditions and
tend to decompose slowly at room temperature (ca. 30% after two weeks). We have found that
these compounds are stable for several weeks provided they are stored below 0 'C as a solution
in CH 2Cl2 sparged with argon. In addition, iminoacetonitriles are readily purified via column
chromatography on Et3N-deactivated silica gel.
Cycloadditions of Iminoacetonitriles
Adam Renslo and David Amos discovered that heating iminoacetonitriles in toluene
affords the desired Diels-Alder cycloadducts, usually as a single diastereomer. As shown in eq
19, heating 100 in toluene at 120 'C in the presence of three equivalents of BHT in a sealed tube
affords a-amino nitrile 104 in 67-70% yield after purification by column chromatography.
82 For reviews of the Mitsunobu reaction, see: (a) Hughes, D. L. Org. React. 1992, 42, 335-656. (b) Edwards, M. L.;
Stemerick, D. M.; McCarthy, J. R. Tetrahedron, 1994, 50, 5579-5590. (c) Hughes, D. L. Org. Prep. Proc. Intl.
1996, 28, 127-164. (d) Swamy, K. C. Kumara; Kumar, N. N. Bhuvan; Balaraman, E; Kumar, K. V. P. Pavan Chem.
Rev. 2009, 109, 2551-265 1.
Experiments conducted by David Amos and Kevin Maloney have shown that the BHT does not
affect the rate of disappearance of the diene starting material, but does improve the isolated yield
of the product. It is believed that BHT inhibits decomposition of the cycloadducts via radical
pathways. The most likely pathway for radical mediated decomposition is loss of the bridgehead
hydrogen atom or the hydrogen atom at C-4 (to generate a captodatively stabilized radical). As
mentioned previously, experiments conducted by Kevin Maloney showed that the E and Z
iminoacetonitriles equilibrate more rapidly than they undergo cycloaddition under our thermally-
promoted conditions.8 3
3 equiv BHT H
toluene, 120 "C, 20 h (19)
67-70%
E/Z 80:20 CN CN
100 104
The thermally promoted reactions of iminoacetonitriles work well for substrates that
afford quinolizidine cycloadducts. Substrates that incorporate a silyl enol ether react in good
yield (71-78%). However, lower yields were observed for iminoacetonitriles that afford
indolizidine products. As shown in Scheme 13, the thermal cycloaddition of 105 furnishes
cycloadduct 106 in high yield after heating at 120 'C for 15 h. However, the related substrate
107 required significantly longer reaction time at the same temperature and afforded the
indolizidine cycloadducts 108a and 108b in lower yield compared to the reaction of 105.
83 For details, see: reference 77b pp 30-31.
Scheme 13
3.0 equiv BHT H
OSit-BuMe2 toluene, 120 *C, 15 h OSit-BuMe2
79-87% N
CN CN
105 106
3.0 equiv BHT H H
OSit-BuMe 2 toluene,520 *C, 48 h OSit-BuMe2 + OSit-BuMe2
C N,58% C N + N
CN CN 73:29 CN
107 108a 108b
In order to further improve the scope of these cycloadditions, David Amos and Kevin
Maloney investigated the feasibility of promoting the reaction with Lewis and Bronsted acids.
They initially evaluated several Lewis acids but observed no reaction under anhydrous
conditions and recovered the unreacted iminoacetonitriles in good yield. Interestingly, Maloney
did notice formation of the desired cycloadduct in a reaction employing Cu(OTf)2 with a trace
amount of water. Encouraged by the possibility that the reaction was being promoted by trace
amounts of trifluoromethanesulfonic acid, Maloney conducted a survey of a variety of Bronsted
acids. After optimization, excellent results were achieved with stoichiometric amounts of
methanesulfonic acid in the presence of 4 A molecular sieves. As discussed earlier,
iminoacetonitriles are susceptible to hydrolysis under acidic conditions and therefore molecular
sieves were included as a precautionary measure.
The acid-promoted cycloadditions of iminoacetonitriles proceed with shorter reaction
times, generally higher yields, and a broader scope with regard to substrate as compared to
reactions effected under thermal conditions. Under acid-promoted conditions, indolizidine
cycloadducts are readily prepared with little difference in reaction rate at room temperature as
compared to quinolizidines. Compounds including acid-sensitive functional groups such as silyl
enol ethers are still viable substrates provided that the reactions are conducted at -78 *C.
43
Cycloadditions for the majority of substrates are most conveniently conducted at room
temperature using 1 equiv of inexpensive methanesulfonic acid. For example, the cycloaddition
of iminoacetonitrile 105 is extremely rapid at room temperature and affords desired amino nitrile
106 in excellent yield as a single isomer after equilibration (vida infra) and purification (eq 20).
1.0 equiv MsOH
4 A sieves
CH2C2, rt, 15 min; H
OSit-BuMe 2  CH 3CN, 45*C, 1.5 h N OSit-BuMe 2  (20)
88-89%
CN CN
105 106
We have found the cycloadditions to be extremely sensitive to the quality of MsOH used
to promote the reaction. To ensure the best results, batches of fresh, high-purity MsOH (>99.5%
from Sigma-Aldrich) are stored under air- and moisture-free conditions (Schlenk tube) below 0
'C. Properly stored batches of MsOH are stable for several months. As the purity of the MsOH
decreases over time, a pale-yellow color develops in the liquid. Cycloadditions promoted by this
material often result in incomplete conversion or lower yields.
Based on observations by TLC and 'H NMR of crude reaction mixtures, acid-promoted
cycloadditions primarily afford cycloadducts with an equatorial cyano group (109). However,
cycloadducts with an equatorial cyano group (e.g., 109) equilibrate to a mixture of equatorial
(109) and axial epimers (111) upon isolation and purification at room temperature. The
equilibration can be completed by simply heating a solution of epimers 109 and 111 in
acetonitrile at ca. 50 *C (Scheme 14). We attribute the thermodynamic preference for an axially
disposed cyano group to an anomeric affect in which the nitrogen lone pair is delocalized into the
a* orbital of the C-CN bond.8 4'85 We believe the same equilibration process is occurring during
the thermal reactions as well, but we do not observe the equatorial isomer due to the extremely
rapid equilibration at the elevated temperature of the reaction.
Scheme 14
H H HXN
CN ®CN
109 110 111
Assignment of the stereochemistry of the nitrile is based on the coupling constants of the
C-4 proton. Weinberg and coworkers reported 86 that the equatorial proton at C-4 of a similar
quinolizidine appears as a double with a coupling constant of 6.9 Hz while the axial proton
appeared as a doublet of doublets with coupling constants of 10.6 and 3.9 Hz. For example, the
C-4 proton of 111 appears as a doublet with a coupling constant of 6.0 Hz consistent with the
axially oriented cyano group. In addition, the C-4 protons for the compounds with axial cyano
groups will appear 0.3-0.5 ppm downfield of the resonances for the C-4 proton of the equatorial
cyano epimer.
It is important to note that the stereochemistry of the cyano group is of no consequence as
further transformations at that center involve ionization of cyanide. Nucleophilic additions to the
resulting iminium ion are controlled by stereoelectronic principles (vida infra). However,
equilibration was generally carried out when examining new cycloadditions for the first time in
order to simplify characterization and purification by column chromatography.
84 Bonin, M.; Romero, J. R.; Grierson, D. S.; Husson, H.-P. J. Org. Chem. 1984, 49, 2392-2400.
85 We observed that cycloadducts that possess an electron-withdrawing group in the tether and indolizidine
cycloadducts are slow to equilibrate. We attribute this to destabilization of the intermediate iminium ion (e.g., 110)
by the electron withdrawing group and increased ring strain, respectively.
86 Quick, J.; Khandelwal, Y.; Meltzer, P. C.; Weinberg, J. S. J. Org. Chem. 1983, 48, 5199-5203
In almost every case, the cycloadditions produce quinolizidines and indolizidines with the
trans ring fusion. The trans ring junction can be identified by the presence of Bohlmann bands
in the IR spectrum (2700-2800 cm-1). 8 7 Bohlmann bands are characteristic peaks in the IR
spectrum that are observed when two or more hydrogens a to a nitrogen have an antiperiplanar
relationship with the nitrogen lone pair. This type of arrangement can only exist in trans-fused
quinolizidine and indolizidines. The preferred conformation of quinolizidine and indolizidine
ring systems has been extensively studied via computational and experimental methods. In
general, for unsubstituted, saturated quinolizidines and indolizidines the trans ring fusion is more
stable by ca. 2.5 kcal/mmol.88 In addition, a theoretical study has calculated that the trans ring
fusion is 2.1 kcal/mol more stable for an unsaturated quinolizidine system (see below). 89
Synthetic Utility of a-Amino Nitrile Cycloadducts
Quinolizidine and indolizidine ring systems are found in the skeletons of a number of
biologically active natural products. Most of these natural products bear substituents at the
carbon adjacent to nitrogen. Both David Amos and Kevin Maloney investigated transformations
of the a-amino nitrile cycloadducts generated from the Diels-Alder reaction, and representative
examples are shown in Scheme 15.
87 (a) Bohlmann, F. Chem. Ber. 1958, 91, 2157-2167.
88 For reviews on the study of the stereochemistry of quinolizidines and indolizidines, see: (a) Crabb, T. A.; Newton,
R. F.; Jackson, D. Chem. Rev. 1971, 71, 109-126. (b) Skvortsov, I. M. Russ. Chem. Rev. 1979, 48, 262-28 1. (c)
Crabb, T. A.; Katritzyky, A. R. Conformational Equilibria in Nitrogen-Containing Saturated Six-Membered Rings.
In Advances in Heterocyclic Chemistry, Vol 36; Academic Press, Inc.: Orlando, Florida, 1984; pp 1-173.
89 For a computational study, see: Belostotskii, A. M.; Markevich, E. J. Org. Chem. 2003, 68, 3055-3063.
NaBH 3CN-AcOH
CH3CN, rt, 21 h
92%
H
C ' OSit-BuMe2
N
CN
106
H
~ OSit-BuMe 2
N
112
1) LDA, THF, -78 *C;
then H2C=CHCH 2Br, 0 *C, 1 h H2) NaBH 3CN-AcOH
CH3CN, rt, 1.5 h OSit-BuMe2
N
86%
113
Pr-C=CMgBr
Et2O, rt, 3.5 h
76-86%
The a-amino nitrile moieties present in the resulting cycloadducts constitute latent
iminium ions.90 Exposure to protic or Lewis acids unmasks the iminium ion, allowing for further
synthetic elaboration, one of the simplest being reductive decyanation.91 After screening a
variety of reducing agents used for reductive decyanation reactions, David Amos found that
exposure of a-amino nitriles cycloadducts to NaBH 3CN and AcOH in acetonitrile removes the
cyano group and furnishes the unfunctionalized quinolizidine (i.e., 112) in good yield. In
addition, alkylation/reductive decyanation and Bruylants reactions are capable of installing a
variety of functional groups with complementary stereochemical outcomes. For example,
90 (a) Rubrialta, M.; Giralt, E.; Diez, A. In Piperidine: Structure, Preparation, Reactivity, and Synthetic Applications
of Piperidine and its Derivatives; Elsevier: Amsterdam, 1991; pp 225-312 (b) Husson, H-P.; Royer, J. Chem. Soc.
Rev. 1999, 28, 383-394. (c) Enders, D.; Schilvock, J. P. Chem. Soc. Rev. 2000, 29, 359-373.
91 For a review on reductive decyanation, see: Mattalia, J-M.; Marchi-Delapierre, C.; Hazimeh, H.; Chanon, M.
ARKIVOC 2006, iv, 90-118.
Scheme 15
'OSit-BuMe 2
metallation 9 2 of 106 with LDA followed by alkylation with allyl bromide furnished the tertiary
amino nitrile. 93 Reductive decyanation of the alkylated amino nitrile afforded quinolizidine 113
with the stereochemistry shown in Scheme 15. Alternatively, Bruylants reaction9 4 provides
substitution with the opposite stereochemistry. For example, David Amos found that treatment
of 106 with 3 equivalents of pentynylmagnesium bromide afforded substituted quinolizidine 114
as a single diastereomer with stereochemistry opposite to that observed for alkylation/reductive
decyanantion products. Alkyl and aryl Grignard reagents also work well in Bruylants reactions
with the a-amino nitrile cycloadducts. 90c,95
The observed stereochemical outcome for both reactions
N*
can be rationalized based on axial attack of the incoming /
R i OR
nucleophile (either R~ or H~). The nucleophilic addition to the H
Nuc
intermediate iminium ion is governed by stereoelectronic factors - 115 -
that require the approach of the nucleophile to occur with maximum orbital overlap between the
developing bond and the developing lone-pair on nitrogen.96 This is achieved by the nucleophile
approaching antiperiplanar to the developing lone-pair (115). We have always observed very
good stereocontrol in the elaboration of the cycloadducts via alkylation/reductive decyanation or
Bruylants reaction, and single diastereomers are usually obtained. One of the few cases that did
92 For a review on the chemistry of deprotonated a-amino nitriles, see: (a) Enders, D.; Kirchhoff, J.; Gerdes, P.;
Mannes, D.; Raabe, G.; Runsink, J.; Boche, G.; Marsch, M.; Ahlbrecht, H.; Sommer, H. Eur. J. Org. Chem. 1998,
63-72. (b) Ref 90b. (c) Ref 90c. (d) Opatz, T. Synthesis 2009, 1941-1959.
93 Tertiary amino nitriles are very reactive and are not stable to storage or purification via silica gel chromatography.
Therefore, it is best to use the crude alkylation products immediately.
94 Bruylants, P. Bull. Soc. Chem. Beig. 1924, 33, 467-478.
95 For reviews of the Bruylants reaction see Ref 90c. For additional examples of the Bruylants reaction, see: (a)
Albrecht, H.; Dollinger, H. Synthesis 1985, 743-748. (b) Agami, C.; Couty, F.; Evano, G. Org. Lett. 2000, 2, 2085-
2088.
96 (a) Stevens, R. V. Acc. Chem. Res. 1984, 17, 289-296. (b) Fleming, Ian. Molecular Orbitals and Organic
Chemical Reactions: Reference Edition; Wiley & Sons: New York, 2010, pp 95-98; 231-232
not exhibit complete stereocontrol was the Bruylants reaction of 106 with EtMgBr, which affords
an 88:12 mixture of the p and a diastereomers.
Scheme 16 illustrates the ability of a-amino nitriles to also serve as handles for the
installation of quaternary centers alpha to the nitrogen via sequential alkylation and Bruylants
reactions.
Scheme 16 1) LDA, THF, -78 *C 1) LDA, THF, -78 *C
117
then EtI, 0 *C, 1 h then Mel, 0 *C, 1 h
2) MeMgBr, Et2O H 2) EtMgBr, Et2O
-78 *C to rt, 3 h OSiR3  -78 *C to rt, 3 h
63% N 64%
SiR 3= Sit-BuMe2  CN SiR 3= Sit-BuMe2
106 118
In summary, the [4 + 2] cycloadditions of iminoacetonitriles allow rapid construction of a
variety of quinolizidine and indolizidine a-amino nitriles in good to excellent yields. As shown
by our work and others, the a-amino nitrile is a versatile synthetic handle that allows for efficient
and stereocontrolled elaboration of the cycloadducts, making this an attractive strategy for the
synthesis of functionalized nitrogen heterocycles not accessible via previous methods. 97
97 Recall that Grieco's method does not work for aldehydes other than formaldehyde. This prevents preparation of
cycloadducts with a-substitution.
Chapter 2: Acid-Catalyzed [4 + 2] Cycloadditions of
Iminoacetonitriles
During the course of our further investigations of the cycloaddition chemistry of
iminoacetonitriles, we became interested in the possibility of catalyzing the reaction with acid.
Such a method would be especially desirable in the context of enantioselective cycloadditions
promoted by chiral acids. This chapter gives the full details of our investigations of acid-
catalyzed cycloadditions of iminoacetonitriles.
Possible Mechanisms for the Acid-Promoted Cycloaddition
Scheme 17 shows the two possible mechanisms for the acid-promoted cycloaddition of
iminoacetonitriles. Path A involves protonation of the imine nitrogen giving iminium ion 119
which undergoes Diels-Alder cycloaddition to afford protonated a-amino nitrile 120. An
alternative mechanism (Path B) involves protonation of the cyano nitrogen and ionization to give
nitrilium ion 122 as the reactive species that undergoes cycloaddition. This would lead to
iminum ion 123 which then requires recombination with cyanide to furnish the desired product.
Scheme 17
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We believe Path A is operating in the cycloadditions. As stated previously (p. 43), the
equatorial cyano diastereomers are obtained as the kinetic product of the cycloaddition. In order
for the nitrilium ion (Path B) pathway to be operating, this would require recombination of
cyanide via equatorial attack on the iminium ion, which would be disfavored based on the
stereoelectronic effects discussed earlier.
Acid-Catalyzed Cycloadditions of Iminoacetonitriles
Regardless of the mechanism, the catalytic reaction would be dependent on proton
transfer between the protonated amino nitrile 120 and the iminoacetonitrile starting material 100.
We estimated the pKa of the protonated amino nitrile9 8 120 to be about 4-5 and the pKa of the
protonated iminoacetonitrile 9 119 to be about 0-3 (Scheme 18). It is significant that most of the
98 For pKa measurements of various amino nitriles, see: Soloway, S.; Lipschitz, A. J. Org. Chem. 1958, 23, 613-
615.
99 The pKa was estimated by calculating the difference in pKa between the conjugate acids of pyridine (pKa = 5.25)
and 2-cyanopyridine (pKa = -0.26) and applying that difference (ApKa= 5.5) to the pKa of a generic iminium (pKa =
ca. 6-8). A similar difference (ApKa= 5.8) was calculated by comparison of the pKa for the conjugate acids of
dimethylaminoacetonitrile (pKa = 4.2) and triethylamine (pKa = ca. 10). For the pKa values of the conjugate acids of
pyridine and 2-cyanopyridine, see: Fabian, W. Monatsh. Chem. 1985, 116, 371-376.
acid-catalyzed reactions involving imines that have been reported have employed N-aryl or N-
acyl imines. These reactions result in amine derivatives substituted with electron-withdrawing
groups and this may facilitate proton transfer from the protonated product to the imine starting
material. Only a few examples have been reported of acid-catalyzed processes involving N-alkyl
imine derivatives. For example, asymmetric Strecker 00 and Pictet-Spangler101 reactions of N-
benzyl imines have been described using a catalytic amount of chiral phosphoric acids. Based on
our estimated pKa values and our own promising results obtained with sub-stoichiometric
amounts of BINOL based phosphoric acids,10 2 we concluded that acid-catalyzed reactions should
be feasible.
Scheme 18
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Figure 4 shows acids evaluated for their catalytic activity in the Diels-Alder
cycloadditions of iminoacetonitriles. As shown in Table 1, our initial results with
methanesulfonic acid suggested that this acid had no catalytic activity. The amount of product
observed by IH NMR was essentially equal to the amount of acid employed (entries 1-3, Table
1). In addition, no additional product was observed with extended reaction times. We were
aware at this time, from our investigation of enantioselective cycloadditions of
iminoacetonitriles, that BINOL phosphoric acids (126) were able to catalyze the reaction to 70%
100 (a) Rueping, M.; Sugiono, E.; Azap, C. Angew. Chem. Int. Ed. 2006, 45, 2617-2619. (b) Rueping, M.; Sugiono,
E.; Moreth, S. A. Adv. Synth. Catal. 2007, 349, 759-764
101 (a) Seayad, J.; Seayad, A. M.; List, B. J. Am. Chem. Soc. 2006, 128, 1086-1087. (b) Sewgobind, N. V.; Wanner,
M. J.; Ingemann, S.; de Gelder, R.; van Maarseveen, J. H.; Hiemstra, H. J. Org. Chem. 2008, 73, 6405-6408
102 For a complete discussion, see Part II, Chapter 3 of this thesis.
or better conversion. However, reactions with stoichiometric amounts of simple and more
readily available phosphoric acids 127 and 128 gave poor results. The reaction promoted by
phosphoric 127 resulted in significant hydrolysis of the iminoacetonitrile starting material to the
corresponding formamide. We attribute the hydrolysis to nucleophilic addition of the phosphoric
acid to the imine. The resulting imidate is then hydrolyzed upon aqueous workup to the
formamide. Employing the bulkier acid 128 reduced the amount of hydrolysis, but resulted in
poor conversion (ca. 60%).
Figure 4
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Table I
1) Acid
4 A sieves HOSit-BuPh2  CH 2 CI2, rt, time OSit-BuPh2
N N
CN CN
129 130
Amount Result
Entry Acid (equiv) Time Pdt:SM ratioa
1 MsOH 0.3 24 h 30:70
2 MsOH 0.6 24 h 63:37
3 MsOH 1.0 2 h Complete
4 TsOH 0.55 24 h 40:60
5 124 0.3 63 h 56:44
6 124 0.55 42 h 75:25
7 125 0.3 24 h 55:45
8 125 0.3 48 h 67:33
9 125 0.55 24 h 89:11
a Measured by IH NMR
Based on our estimation of the difference in pKa between the protonated product and
protonated starting material, we concluded proton transfer should be thermodynamically
possible. However, no increase in product was observed with methanesulfonic acid when the
reaction was carried out for extended times or at elevated temperatures. In order to explain the
difference in catalytic activity between MsOH and acids such as phosphoric acid 126, we
hypothesized that perhaps proton transfer was not occurring due to low kinetic acidity of the
protonated amino nitrile.10 3 The sulfonate anion could form a tight ion pair with the protonated
a-amino nitrile in dichloromethane solution effectively resulting in the slow rate of proton
transfer. The more lipophilic phosphoric acids 126 may be better solvated which would result in
more dissociated ammonium ions that would exhibit a faster rate of proton transfer.
103 For a discussion of kinetic acidity, see: Anslyn, E. V.; Dougherty, D. A. Modern Physical Organic Chemistry
University Science Books: Sausalito, California, 2006; p 261 and p 271.
In order to test this theory, several sulfonic acids with organic moieties larger than methyl
were evaluated for catalytic activity (entries 4-9, Table 1). Tosic acid (entry 4) proved to be
even less active as a catalyst than methanesulfonic acid, most likely due to its limited solubility
in dichloromethane. Sulfonic acids 124 and 125 gave better results. Reactions catalyzed by 0.55
equivalents of sulfonic acid 125 showed better conversion of the starting material compared to
124 (entry 6 versus entry 9). 104 Eq 21 shows the first example of an acid-catalyzed aza Diels-
Alder reaction of an iminoacetonitrile. The yield of cycloadduct 106 was comparable to that
obtained with stoichiometric amounts of MsOH (89%).
1) 0.5 equiv 125
4 A sieves
CH2CI2, rt, 24 h HOSit-BuMe2  2) MeCN, 50 "C, 1.5 h OSit-BuMe 2  (21)
84% N
105 106
During optimization of the reaction conditions employing catalytic amounts of 125, we
observed that at least 50 mol% of acid was required for good conversion (>90:10 product to
SM). When 30 mol% of sulfonic acid 125 was used, we routinely observed reactions to stop
when the ratio of product to starting material reached 60:40 to 70:30. This roughly corresponds
to a 2:1 ratio of product to acid. We hypothesized that even though a +
CN
more lipophilic acid could have resulted in a more dissociated ion pair,
product inhibition could be responsible for incomplete conversion when I A-H
less than 50 mol% of acid is used. For example, two product molecules
could simultaneously hydrogen bond to a single proton, thereby CN
104 Sulfonic acid 125 is readily available by hydrolysis of the commercially available sulfonyl chloride; see: Jautze,
S.; Peters, R. Angew. Chem. Int. Ed. 2008, 47, 9284-9288. The acid was dried under vacuum (0.05 Torr) over P20 5prior to use.
preventing proton transfer.
In order to test this hypothesis, we set up two experiments in which two different acid-
product mixtures would be prepared prior to the introduction of the starting material. In theory,
this would allow the product-acid complexes to form and sequester the acid before starting
material was able to react. Eq 22 details the experiment in which a 2:1 mixture of product to
acid was prepared, followed by the addition of starting material. Based on our theory, we would
expect to see no conversion of the starting material.
SO3H then add
i-Pr N i-Pr OSit-BuMe2
1.0 equiv N
1.0 equiv C105125 4 A sieves
i-Pr CH2Cl2, rt, 24 h N OSit-BuMe2  (22)
8 N
H CN
2.0 equiv OSit-BuMe2  
106
106 CN
Equation 23 illustrates the experiment in which a 1:1 product to acid mixture was
prepared prior to introduction of the starting material. If our hypothesis is correct, we would
expect the reaction to proceed to 30% conversion, at which point the 2:1 product to acid ratio
would be achieved, preventing proton transfer and thus further reaction from occurring.
SO 3H then add
i-Pr-P 1.0 equiV N OSIt-BuMe 2
0.3 equiv 125 4 A sieves CN 105 H
i-Pr CH2C2, rt, 24 h N" OSit-BuMe2
+ C Nr (23)
H CN
0.3 equiv OSit-BuMe2  106
106 CN
The results of these experiments are shown in Table 2. Surprisingly, we observed good
conversion for the reaction with a pre-mixed 2:1 product to acid ratio, but little to no conversion
in the reaction with the 1:1 ratio of product to acid. Since we predicted the opposite result in
each case, we concluded our initial hypotheses regarding kinetic acidity and product inhibition
were incorrect.
Table 2
Product:Acid Sieve Loading Expected Observed
Entry Equation Ratio (g sieves/ mmol acid) Conversion Conversiona Yieldb
1 22 2:1 1.9 0% 85% 81%
2 23 1:1 5.1 30% 1% <5%
a Observed conversions were corrected for the amount of amino nitrile added to the reaction mixture.
b Yield of cycloadduct determined by 1H NMR analysis using anthracene as an internal standard.
After an extensive review of our acid-promoted and acid-catalyzed experiments we did
notice one key difference in the conditions of the reactions of eq 22 and 23. Shown in Table 2 is
the amount of sieves relative to the amount of acid employed. In all previous reactions, sieves
had been added as a precautionary measure to prevent hydrolysis of iminoacetonitriles by
adventitious water. The amount of sieves employed in the reaction was based on the weight of
imine starting material used. While the reactions depicted in eq 22 and 23 had the same amount
of sieves relative to the combined amount of imine and amine present in solution, they differed
significantly with regard to the amount of sieves relative to the amount of acid employed.
There are reports in the literature of irreversible reaction of molecular sieves and strong
Bronsted acids which results in the effective removal of acid from the reaction mixture. 05 To
determine if this was occurring in the context of the acid-catalyzed cycloaddition of
105 Roelofsen, D. P.; Van Bekkum, H. Synthesis 1972, 419-420. (b) Roelofsen, D. P.; Wils, E. R. J.; Van Bekkum,
H. Chem. Rec. Trav. 1971, 90, 1141-1125.
iminoacetonitriles, we set up several cycloadditions with varying amounts of sieves. Table 3
presents the results of these experiments. We observed a very clear inverse relationship between
the amount of sieves employed in the reaction and the conversion of the starting material to
cycloadduct (entries 1-3, Table 3). By using a smaller amount of sieves, we then were able to
achieve good conversion even with 20 mol% of acid 125 (entry 4).
Table 3
1) ArSO3H 125
4 A sieves H
OSit-BuMe2  CH 2CI2, rt, 22 h OSit-BuMe2N N
CNN
105 Sieves 106
Acid (g sieves Pdt:SM ratio
Entry (mol%) /mmol acid) (1H NMR)
1 30 mol% 0.2 94:6
2 30 mol% 2.9 70:30
3 30 mol% 5.8 40:60
4 20 mol% 0.4 90:10
During these experiments, we also found that sieves were not necessary for the acid-
promoted or acid-catalyzed reactions if the starting material is dried prior to use.' 06 We also
found that in the absence of molecular sieves methanesulfonic acid is a competent catalyst.
Table 4 summarizes our findings for reactions conducted on a preparative scale. Entry 3 shows
that the yield for a MsOH-catalyzed cycloaddition of iminoacetonitrile 105 is comparable to
reactions employing stoichiometric amounts of the acid either with (entry 1) or without (entry 2)
4 A molecular sieves.
106 We found that azeotropic removal of water via concentrating a solution of the iminoacetonitrile in benzene three
times was sufficient.
Table 4
H
C OSit-BuMe2  N OSit-BuMe2CNr
CNN
105 E/Z 80:20 106
Entry Conditions Yield
1.0 equiv MsOH
4 A sieves1 CH2Cl 2, rt, 15 min; 89%
CH 3CN, 45 *C, 1.5 h
1.0 equiv MsOH
no sieves
2 CH2Cl2, rt, 15 min; 83%
CH3CN, 50 *C, 2 h
0.2 equiv MsOH
no sieves
3 CH2Cl2, rt, 24 h; 79%
CH 3CN, 50 *C, 1 h
Based on these results, we concluded that the presence of 4 A molecular sieves was not
only the source of the poor conversions employing less than 50 mol% of aryl sulfonic acid 125,
but also was the source of our initial misleading results in reactions using catalytic amounts of
methanesulfonic acid. It appears that both the strength of the acid and steric shielding around
the acidic functionality can dramatically affect the reaction of Bronsted acid and the molecular
sieves. Next, we investigated the scope of the methanesulfonic acid-catalyzed reactions of
iminoacetonitriles in the absence of molecular sieves.
Scope of the Methanesulfonic Acid-Catalyzed Cycloadditions
We chose several substrates to evaluate the scope of the acid-catalyzed cycloadditions.
As stated previously, in order for the reaction to be conducted in the absence of sieves, all
starting materials were dried prior to use.106 The first substrate of interest was iminoacetonitrile
100.107 Exposure of 100 to 0.2 equivalents of methanesulfonic acid at room temperature for 20 h
furnished 104 in poor yield (14-17% by 'H NMR) (eq 24).108 Unreacted iminoacetonitrile 100
and 15% of the corresponding formamide were the other major components of material isolated
from the reaction.
0.2 equiv MsOH
no sieves H
DCM, rt, 20h (24)
N anthracene N
CN (internal standard)
100 E/Z 80:20 104
1H NMR analysis of crude product:
67% 100
14-17% 104
15% formamide
In order to explain the difference in reaction rate between + R
iminoacetonitriles with or without substituents at C-2 of the diene, we propose
S-1
that the mechanism involves an asynchronous cycloaddition. In the transition CN
131
state of an asynchronous cycloaddition, there is a developing partial positive charge on C-2 of
the diene (131). The presence of an alkyl group at the C-2 position of the diene 105 provides
stabilization of the positive charge and explains the faster rate of cycloaddition. However,
iminoacetonitrile 100 lacks substitution at this position. The resulting slower rate of
cycloaddition would allow other unproductive pathways such as hydrolysis to be competitive. If
these pathways involve the consumption of acid, the reaction will eventually terminate.
The cycloadditions of 100 and 105 promoted by a stoichiometric amount of MsOH at
room temperature are both complete in less than 30 minutes. We set up an experiment in order
to try and observe a difference in the rate of cycloaddition between 100 and 105 (Table 5). For
107 For preparation of 100, see: Ref. 77a pp 183-191.
108 Anthracene was employed as an internal standard.
each substrate, one equivalent of methanesulfonic acid was added to a solution of
iminoacetonitrile in CH 2Cl2 at -78 'C. Each reaction was stirred for 5 min at - 78 'C after the
introduction of acid, and then the reaction was stopped by the addition of 10 equivalents of Et3N.
These experiments revealed a significant difference in the rate of raeaction between
iminoacetonitriles 100 and 105. The cycloaddition of iminoacetonitrile 105 showed 36%
conversion after 5 minutes, while the cycloaddition of iminoacetonitrile 100 showed no product.
Although the starting material was dried immediately prior to use, 20% of the formamide
byproduct was observed.
Table 5
1.0 equiv MsOH
CH2CI2, -78 *C, 5 min; HR 10equiv NEt3  R
N anthracene N(internal standard)
CN UN
105 R = CH20Sit-BuMe 2  106 R = CH20Sit-BuMe 2100R= H 104R= H
Entry R 1HPdt1H NMR yield
1 CH20Sit-BuMe 2  36%
2 H 0%
We next examined the reaction of iminoacetonitrile 132 in order to evaluate whether or
not indolizidine cycloadducts could be obtained with the catalytic method. As shown in eq 25,
cycloaddition of iminoacetonitrile 132 with a catalytic amount of acid afforded cycloadduct 133
in low yield and contaminated with 26% of unreacted starting material. Previously we had
observed that cycloadditions leading to indolizidine products are slower than those producing
quinolizidines. Apparently, the reactions of iminoacetonitriles that afford indolizidines are slow
enough to allow decomposition pathways to compete with the cycloaddition. If the acid is
consumed by the decomposition of the iminoacetonitrile or reacts irreversibly with the
decomposition products, the reaction will stop at partial conversion.
0.20 equiv MsOH H
CH2CI2, rt, 48 h 
(
IN ________ :( N (25)N I 55% yield NN
CN CN CN
132 133 74:26 132
Next, we tried to evaluate two substrates with functionality that was of interest in
connection with some of our recent and future total syntheses. Silyl enol ether 134 is an
intermediate in Kevin Maloney's total synthesis of (-)-quinolizidine 217A.109 The cycloaddition
of 134 promoted by a full equivalent of MsOH proceeds smoothly at -78 'C affording the desired
cycloadduct 135 in 68% yield. Due to the extended reaction times (24-48 hours) at 25 'C
required for the catalytic cycloadditions of our most promising substrate 105, we felt that
conducting the reaction at -78 'C would require reaction times that were too long to be of
practical use. We therefore evaluated the reaction at -25 to -30 'C (eq 26). Using a catalytic
amount of MsOH, we observed low NMR yields (14%) of cycloadduct 135 in the crude product
of the reaction. In addition to unreacted iminoacetonitrile, we also observed 9%
hydrolysis/deprotection of the silyl enol ether. Based on internal standard present, we could only
account for ca. 60% of the total mass which suggests polymerization may have also been a
problem. Based on these results we concluded that the silyl enol ether was not compatible with
exposure to acid at temperatures above -78 'C.
109 For the preparation of 134, see: ref. 77b
0.2 equiv MsOH HOSit-BuMe2  CH 2Cl2, -30 *C, 21 h = OSit-BuMe2
N 14% yield by 'H NMR N (26)
CN CN
134 135
We then explored the cycloaddition of the more acid stable enol pivalate 136 at room
temperature (eq 27). The cycloaddition of iminoacetonitrile 136 resulted in a higher yield than
that of 134, but the observed yields were still not high enough to be considered synthetically
useful. Attempts to conduct the reaction at -30 'C led to lower yields by NMR.108 Based on
these results we did not explore any further protected enol ethers due to their sensitivity to
prolonged exposure to acid at elevated temperatures (above -78 *C).
00.2 equiv MsOH H 0
O l CH2Cl2, rt, 22 h =l (27
NC 38% yield by 1H NMR C N O
CN CN
136 137
Summary
The results discussed in this chapter highlight our discovery of acid-catalyzed
cycloadditions of iminoacetonitriles. Of particular significance was the previously unobserved
interaction between molecular sieves and methanesulfonic acid in the context of our
cycloaddition of iminoacetonitriles. After extensive investigation, we were able to demonstrate
an acid-catalyzed cycloaddition of an iminoacetonitrile. In the prototype case, the yield was
comparable to that obtained with stoichiometric amounts of MsOH. However, the scope of the
acid-catalyzed cycloaddition is very limited and dependent on the reactivity of the
iminoacetonitrile and the stability of any functional groups present to prolonged exposure to acid
at temperatures above -78 *C. It should be noted, however, that even acid-sensitive substrates
63
such as dienol silyl ethers undergo efficient cycloaddition (at -78 'C) provided that 1 equivalent
of MsOH is employed to promote the reaction.
We next turned our attention to the development of enantioselective cycloadditions
promoted by chiral acids. The full details of that work are discussed in the following chapter.
Chapter 3: Intramolecular Enantioselective [4 + 2]
Cycloadditions of Iminoacetonitriles
Our previous work has demonstrated that the aza Diels-Alder cycloaddition of
iminoacetonitriles is a powerful strategy for the synthesis of six-membered nitrogen containing
heterocycles. Our laboratory has demonstrated the utility of this method in the context of several
total syntheses of quinolizidine and indolizidine containing natural products. To further broaden
the utility of our method to include asymmetric cycloadditions, we began investigating the
enantioselective [4 + 2] cycloadditions of iminoacetonitriles. This chapter describes the
development an<; scope of enantioselective [4 + 2] cycloadditions of iminoacetonitriles.
Classes of Hydrogen-Bond Donor Catalysts
At the outset of our investigation, we surveyed the literature for possible strategies that
could be adapted to the enantioselective cycloadditions of iminoacetoniriles. While chiral
auxiliary strategies were a possibility, the need for additional steps for installation and removal
of the auxiliary presented a disadvantage for applications in total synthesis. The use of a chiral
reagent or promoter was a more attractive strategy and would involve the simplest extension of
our previous work.
Chiral Bronsted acids represent one class of hydrogen-bond donor organocatalysts.110
Figure 5 highlights selected structures of chiral hydrogen-bond donors and chiral Bronsted acids.
Depending on the pKa of the hydrogen-bond donor, the possible modes of activation for an imine
110 For reviews regarding hydrogen-bond donors, see: (a) Connon, S. J. Chem. Eur. J. 2006, 12, 5418-5427. (b)
Taylor, M. S.; Jacobsen, E. N. Angew. Chem. Int. Ed. 2006, 45, 1520-1543. (c) Doyle, A. G.; Jacobsen, E. N. Chem.
Rev. 2007, 107, 5713-5743.
range from hydrogen bonding (general acid catalysis) to complete proton transfer (specific acid
catalysis). The asymmetric reactions of imines promoted or catalyzed by Lewis or Bronsted
acids have been extensively studied."'
Figure 5
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As discussed in Part I, Chapter 2, we were particularly interested in the reports of
enantioselective aza Diels-Alder reactions of imines catalyzed by BINOL phosphoric acids from
the laboratories of Akiyama,62 Rueping, 63 and Gong. 64  This precedent, combined with our
previous success with the promotion of cycloadditions of iminoacetonitriles using strong achiral
Bronsted acids (i.e., MsOH), led us to begin our investigation with chiral phosphoric acids." 2
BINOL phosphoric acids have several key structural characteristics highlighted in Figure 6. The
phosphoric acid moiety possesses both Bronsted acidic and Lewis basic atoms allowing for
multiple hydrogen-bonding interactions with substrates. The 3,3'-stereodirecting groups
establish the chiral environment that allows for differentiation between enantiotopic faces of the
imine. Additionally, modification of electronic properties of the 3,3'-groups can result in subtle
changes of the pKa of the phosphoric acid, thereby influencing the nature of the acid-substrate
11 For reviews on enantioselective C-C bond formation by addition to imines, see: Kobayashi, S.; Ishitani, H. Chem.
Rev. 1999, 99, 1069-1094. (b) Kobayashi, S.; Mori, Y.; Fossey, J. S.; Salter, M. M. Chem. Rev. 2011, 111, 2676-
2704
12 For reviews on enantioselective organocatalytic Diels-Alder/cycloaddition reactions, see: (a) Merino, P.;
Marquds-L6pez, E.; Tejero, T.; Herrera, R. P. Synthesis 2010, 1-26. (b) Moyano, A.; Rios, R. Chem. Rev. 2011,
ASAP DOI: 10.1021/cr100348t
hydrogen-bond.ii3 A number of BINOL- Figure 6
based phosphoric acids with various 3,3'
stereodirecting groups have been reported
as catalysts for a variety of reactions of
imines.11 4
Ar 4 3-Stereodirecting group
Lewis basic
Bronsted acid
4 3'-Stereodirecting group
General Synthetic Route to BINOL Phosphoric Acids
Scheme 19
1) Mel, K2C03
2) n-BuLi, TMEDA;
Br2, 12, or
B(OEt) 3 and H30'
138
1) Ar X, ArB(OH)2, or ArMgX
Kumada or Suzuki
2) BBr3
3) POC 3; H20
_Nw N X
X = Br, I, or B(OH) 2
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We began our work by synthesizing a variety of chiral Bronsted acids according to
established literature procedures (Scheme 19). The synthesis of the BINOL phosphoric acids
begins with commercially available BINOL. Protection of the phenolic hydroxyl groups,
generally as methyl ethers, followed by metallation and halogenation furnishes BINOL
derivative 139. At this point, the 3,3'-stereodirecting groups are installed by cross coupling,
113 For NMR studies investigating the hydrogen bonding versus ion pair activation, see: Fleishmann, M.; Drettwan,
D.; Sugiono, R.; Rueping, M.; Gschwind, R. M. Angew. Chem. Int. Ed. 2011, 50, 6364-6369.
114 For reviews of reactions catalyzed by chiral BINOL phosphoric acids, see: (a) Akiyama, T.; Itoh, J.; Fuchibe, K.
Adv. Synth. Catal. 2006, 348, 999-1010. (b) Akiyama, T. Chem. Rev. 2007, 107, 5744-5788. (c) Terada, M. Chem.
Commun. 2008, 4097-4112. (d) Rueping, M.; Sugiono, E. New Developments in Enantioselective Bronsted Acid
Catalysis: Chiral Ion Pair Catalysis and Beyond. In Organocatalysis; Reetz, M. T., List, B., Jaroch, S., Weinmann,
H., Eds.; Ernst Schering Foundation Symposium Proceedings, Volume 2; Springer-Verlag Berlin Heidelberg:
Berlin, Germany; 207-253. (e) Kampen, D.; Reisinger, C. M.; List, B. Top. Curr. Chem. 2009, 291, 395-456. (f)
You, S.-L.; Cai, Q.; Zeng, M. Chem. Soc. Rev. 2009, 38, 2190-2201. (g) Terada, M. Bull. Chem. Soc. Jpn. 2010, 83,
101-119. (h) Terada, M. Synthesis 2010, 12, 1929-1982. (i) Zamfir, A.; Schenker, S.; Freund, M.; Tsogoeva, S. B.
Org. Biomol. Chem. 2010, 8, 5262-5276. (j) Schenker, S.; Zamfir, A.; Freund, M.; Tsogoeva, S. B. Eur. J. Org.
Chem. 2011, 2209-2222. (k) Rueping, M.; Kuenkel, A.; Atodiresei, I. Chem. Soc. Rev. 2011, Advance Article DOI:
10.1039/C1CS15087A
'OH
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most commonly via Suzuki or Kumada reactions. Deprotection using BBr3 unmasks the phenols
at the 2,2' positions.11 5 Phosphorylation with POCl3 followed by hydrolysis furnish the fully
substituted BINOL phosphoric acid.
One important complication of the synthesis of BINOL phosphoric acids is that there is
the possibility of obtaining either the pure free acid or acid contaminated with salts of the
BINOL phosphate. It has been reported that the presence and identity of the metal counterion in
such salts can dramatically affect the reactivity and selectivity of the catalysts in general. List
reported a study in which the presence of salt forms of acid 140e (vide infra) dramatically
reduced the activity of the catalyst, but had no effect on the enantioselectivity of the reaction. 11
List stresses that in order to obtain the free acid, the aqueous workup of the final phosphorylation
must be strongly acidic (pH ca. 1).
We developed a variation of List's procedure during our work with BINOL phosphoric
acids (vide infra). Purification via column chromatography on silica gel affords the majority of
the acid as its salt form. We have found that the most efficient and reproducible means of
obtaining the free acid is to stir the chromatographed material in a 3:1 mixture of Et2O and 6 M
aq HCl solution. Subsequent extraction of the biphasic mixture and precipitation from aqueous 6
M HCl furnishes the free acid." 7
"5 For representative procedures for the synthesis of 2,2'-dihydroxy-3,3'-aryl-,2,2' substituted BINOLs, see: (a)
Zhu, S. S.; Cefalo, D. R.; La, D. S.; Jamieson, J. Y.; Davis, W. M.; Hoveyda, A. H.; Schrock, R. R. J Am. Chem.
Soc. 1999, 121, 8251-8259. (b) Wipf, P.; Jung, J.-K. J. Org. Chem. 2000, 65, 6319-6337.
116 Klussmann, M.; Ratjen, L.; Hoffmann, S.; Wakchaure, V.; Goddard, R.; List, B. Synlett 2010, 14, 2189-2192.
117 See the Part IV of this thesis for full experimental details.
Synthesis of Iminoacetonitrile Substrates
A variety of iminoacetonitrile cycloaddition substrates were chosen for our systematic
investigations of the scope of enantioselective intramolecular cycloadditions. Scheme 20
illustrates the retrosynthetic strategy used for the preparation of the desired substrates.
Scheme 20
1) Mitsunobu 1) Suzuki
R1 2) Elimination RI 2) Deprotection < 1
)nN, 2 ~OH I R2 ~ > 0~PG 2~R2 R2R
CN
The requisite iminoacetonitriles are readily available from the corresponding alcohols by
Mitsunobu reaction with TfNHCH 2CN and elimination promoted by Cs 2CO3 via our standard
protocols. The necessary dienes are easily prepared via Suzuki cross-coupling reactions. Table
6 describes the preparation of the required boronic esters from the corresponding alkynyl
alcohols. The primary alcohols were protected either as a pivaloyl ester or as a silyl ether by
following standard procedures. Hydroboration of the resulting alkynes via the general
procedures reported by Brown,1" Srebnik,"9 and Wang 2 0 afforded the desired pinacol boronic
esters in good yield (60-84%) on multi-gram scale. 2 1 , 22
118 (a) Brown, H. C.; Campbell Jr., J. B. J. Org. Chem. 1980, 45, 389-395. (b) Brown, H. C.; Bhat, N.G.; Somayaji,
V. Organometallics 1983, 2, 1311-1316.
119 Pereira, S.; Srebnik, M. Organometallics 1995, 14, 3127-3128.
10 Wang, Y. D.; Kimball, G.; Prashad, A. S.; Wang, Y. Tetrahedron Lett. 2005, 46, 8777-8780.121 Boronic ester 146 has been prepared via an analogous method; see,: Tucker, C. E.; Davidson, J.; Knochel, P. J.
Org. Chem. 1992, 57, 3482-3485.
122 The OTBS analog of boronic ester 149 was reported in Ref. 120
Table 6
A:' PvCI, DMAP
B:b ClSit-BuPh2, imidazole
nH
OH
C: Br2BH.SMe 2; pinacol
~ D:d HBpin, Cp 2Zr(H)CI
OPG
Protection Protected
entry Alcohol Method Alcohol Yield*
Hydroboration
Method Boronic Ester
1 OH
141
2
OH
144
3 COH
147
142 93-98%
145 88-91%
148 97%
C Bpin
C OPv
143
-Bpin
D OPv
146
D Bpin
D OSit-BuPh2
149
a1.2 equiv PvCI, 0.1 equiv DMAP, 3 equiv pyridine, CH2Cl2, rt,
imidazole, CH2CI2, 0 *C, 1 h. c 1.3 equiv Br2BH*SMe 2, CH2CI2, rt,
rt, 1 h; d 1.05 equiv pinacolborane, 0.1 equiv Cp 2Zr(H)CI, 0.1 equiv
after column chromatography
2h. b 1.2 equiv ClSit-BuPh2, 2 equiv
20 h; 1.3 equiv pinacol, -78 *C, 10 min;
Et3N, neat, 60 0C, 16 h. e Isolated yield
Cross-coupling 123 of the boronic esters with the appropriate vinyl halide124,12,126 using
standard conditions furnishes the requisite dienes (Table 7). For Suzuki couplings of vinyl
bromides and vinyl triflates, we employed conditions developed by Buchwald.127,128 In all cases,
we obtained the desired dienes in excellent yield (93-98%). Standard deprotection methods
furnished the required alcohols in excellent yield (81-95%).
123 For reviews on the Suzuki-Miyaura reaction, see: (a) Miyaura, N.; Suzuki, A. Chem. Rev. 1995, 95, 2457-2483.
(b) Bellina, F.; Carpita, A.; Rossi, R. Synthesis 2004, 15, 2419-2440. (c) Miyaura, N. In Metal-Catalyzed Cross-
Coupling Reactions, 2 "d ed; Diederich, F., de Meijere, A.; Wiley-VCH: New York, 2004; Chapter 2.124 Vinyl iodide 150 is readily available in two steps from propargyl alcohol. The OTBS analog was prepared by
David Amos.
125 Vinyl bromide 155 was prepared from mesityl carboxylic acid in 4 steps (24-31% overall yield). For full
experimental details see Part IV of this thesis. For procedures for related compounds, see: Beak, P.; Carter, L. G. J.
Org. Chem. 1981, 46, 2363-2373. (b) Stowell, J. K.; Widlanski, T. S. J. Am. Chem. Soc. 1994, 116, 789-790.
126 Vinyl Triflate 158 was prepared from cyclohexenone in 75% yield by treatment with LiHMDS, followed by
PhNTf 2. For the preparation of 158 by reaction of cyclohexane with LDA and PhNTf2 (55% yield), see: Tessier, P.
E.; Nguyen, N; Clay, M. D; Fallis, A. G. Org. Lett. 2005, 7, 767-770. This compound has also been prepared under
a variety of conditions using Tf2O in low yield.
127 Martin, R.; Buchwald, S. L. Acc. Chem. Res. 2008, 41, 1461-1473. (b) Kinzel, T.; Zhang, Y.; Buchwald, S. L. J
Am. Chem. Soc. 2010, 132, 14073-14075.
128 I would like to acknowledge the Buchwald laboratory for a donation of S-Phos and many helpful conversations.
/ 0I nOPG 0
Yield*
70-77%
60%
80-84%
Table 7
1 B~0  A:a Pd(dppf)C12e CH 2CI2  R1 C:C DIBAL 1
X tR' B:b Pd(OAc)2 / SPhos R D:d TBAF
OPG 0 + R2ho R 2OH R2
Suzuki Deprotection
Entry R-Bpin R-X Method Diene Yield* Method Alcohol Yield*
1 Bpin I OSiR3  A 151 95% C OSiR 93
143 150' 1 52f
2 Bpin 150f A 153 93-95% C OHa 97%
146 154'
3fBpin Br, Mes B 1569 91-94% D OH M 89-93%
149f 1559 1579
4 149f Tfo B 159 93% C OH 1 83-94%
160
Br
5 149' B 162 98% D OH 1  81%
163
a 1-2 mol% Pd(dppf)C12. CH2CI2, 3 equiv aq NaOH, THF, rt, 1.5-2 h. 5 mol% Pd(OAc) 2, 10 mol% SPhos, 3 equiv
aq K3P0 4, THF, rt, 17-24 h. c 2.2 equiv DIBAL, DCM, -78 "C, 1 h. d 1.5 equiv TBAF, THF, rt, 1.5 h. e Isolated yield
after column chromatography. ' SiR3 = Sit-BuPh2. 9 Mes = 2,4,6-(CH3)3C6 H2.
With the requisite alcohols in hand, Mitsunobu reaction with triflamide 102 provided the
desired products (1-7 g scale) in excellent yield (83-94%, Table 8). Exposure of the triflamides
to 4 equivalents of Cs 2CO3 in warm THF then afforded the desired iminoacetonitriles in
excellent yield (85-92%) as a mixture of E and Z isomers.
Table 8
Cs2CO3b
-Do (
RO CF3SO2NHCH 2CN (102)a
)n OH R2Do (
RN
)n N,
SR2
CN
entry Alcohol
OH I OSiR3
152*
2 OSiR3
154*
03 Mes
3 O H 1
157 1
4 OH'
160
5 * CHa
163
Triflamide
164
165
167
169
171
Yield" Iminoacetonitrile
85-94% OSiR3
129* CN
85% OSiR 3
166* CN
79-81% 
'O Mes
1681 CN
83-90%
83%
170 CN
CH3
172 CN
a 1.1 equiv CF3SO 2NHCH 2CN, 1.2 equiv PPh3 , 1.2 equiv DIAD, THF, rt, 1.5 h. b 4 equiv Cs2CO3,THF, 50-55 *C , 1.5 h. c Isolated yield after column chromatography. d Iminoacetonitriles were
isolated as a mixture of E/Z isomers (77:23-78:22 by 1H NMR). e SiR3 = Sit-BuPh2/f Mes = 2,4,6-(CH 3)3C6H2-
Evaluation of Chiral Phosphoric Acids
Our first objective was to identify chiral phosphoric acids that would promote the
reaction in good yield and with high enantioselectivity. In previous studies, other laboratories
have found that the optimal BINOL-based phosphoric acids can often be identified only after
Yield*'
85-92%
87%
85-88%
86-91%
91%
exhaustive screening, and no general models exist for predicting which acids will provide the
best results. 129,130 We chose to screen a variety of acids' for the cycloaddition of
iminoacetonitrile 129 (Table 9). The reaction mixtures (ca. 0.1 mmol scale) were stirred at -78
*C for 6 h and then allowed to slowly warm to room temperature by leaving the reaction flask
submerged in the dry-ice acetone bath. Basic aqueous workup, equilibration of the cyano
epimers, and column chromatography furnished the desired cycloadduct 130. The results of the
initial screening experiments are shown in Table 9.
After evaluating a number of acids, we observed the general trend that reactions
promoted by phosphoric acids with more sterically demanding 3,3'-stereodirecting groups
furnish cycloadduct 130 with higher enantioselectivity. Comparing the results shown in entries 3
and 5, we concluded that enantioselectivity is also dependent on the three-dimensional shape and
orientation of the stereodirecting groups. For example, reaction with the comparably bulky acids
140c 13 1 and 140e 132 resulted in significantly different levels of enantioselectivity (80:20 versus
92:8 er). It is also possible that the enantioselectivity is dependent on subtle electronic affects
governed by the 3,3'-stereodirecting groups. Employing the more acidic N-triflyl
phosphoramide 173a' 3 3 (entry 8) resulted in a decrease in enantioselectivity. Acids based on
VANOL and VAPOL structures 134 afforded the desired cycloadduct in lower yield (58-60%;
129 For theoretical studies of reactions of imines catalyzed by BINOL phosphoric acids, see: (a) Sim6n, L.;
Goodman, J. M. J. Am. Chem. Soc. 2008, 130, 8741-8747. (b) Sim6n, L.; Goodman, J. M. J. Am. Chem. Soc. 2009,
131, 4070-4077. (c) Akiyama, T.; Morita, H.; Bachu, P.; Mori, K.; Yamanaka, M.; Hirata, T. Tetrahedro, 2009, 65,
4950-4956. (d) Yamanaka, M.; Hirata, T. J. Org. Chem. 2009, 74, 3266-3271. (e) Sim6n, L.; Goodman, J. M. J.
Org. Chem. 2010, 75, 589-597. Hirata, T.; Yamanaka, M. Chem. Asian J. 2011, 6, 510-516.
130 For a review on quantum mechanical investigations of organocatalysis, see: Cheong, P. H.-Y.; Legault, C. Y.;
Um, J. M.; Qelebi-Ol69iim, N.; Houk, K. N. Chem. Rev. 2011, ASAP, DOI: 10.1021/cr100212h131 Storer, R. I.; Carrera, D. E.; Ni, Y.; MacMillan, D. W. C. J. Am. Chem. Soc. 2006, 128, 84-86.132 For preparation of 140e, see the pp 66-67 and Part IV of this thesis, and: Ref 115a. (b) Liu, W.-J.; Chen, X.-H.;
Gong, L.-Z. Org. Lett. 2008, 10, 5357-5360. (c) Ref. 1161 3 Nakashima, D.; Yamamoto, H. J. Am. Chem. Soc. 2006, 128, 9626-9627.
134 VANOL and VAPOL phosphoric acids were generously donated by Professor William Wulff, Department of
Chemistry, Michigan State University.
entries 9 and 10) and with lower enantioselectivity (62:38 to 65:35). Acid 140b135 also failed to
produce the cycloadduct with high enantioselectivity. Not only did TRIP (140e) provide the
desired product with the highest enantioselectivity, but this acid also showed very promising
results when employed in catalytic amounts (0.3 equiv, entry 6).
Table 9
OSit-BuPh2
CN
129
Entry
1) Acid*
4 A sieves
CH2CI2, 78 *C, 6 h;
-78 *C to rt, 6 h; rt, 12 h H
2) CH 3CN, 50 *C, 1.5 h OSit-BuPh2
N
130 CN
Acid Equiv Yield,a erb
140 173
1 140a, Ar = Ph
2 140b, Ar = 3,5-(CF3)2C6 H3
3 140c, Ar = SiPh3
4 140d, Ar = 9-anthryl
5 140e, Ar = 2,4,6-(i-Pr)3C6 H2
1.0 92%, 63:37
1.0 65%, 65:35
1.0 87%, 80:20
1.0 78%, 51:49
1.0 96%,92:8
6c 140e, Ar = 2,4,6-(i-Pr)3C6H2  0.3 84%, 86:14
7d 140f, Ar = 2,6(i-Pr)2-4-(9-anthryl)C6 H2 1.0 82%, 93:7
8 173, Ar = 2,4,6-(i-Pr)3C6 H2  1.0 71%, 83:17
9* 174, (S)-VANOL phosphoric acid 1.0 60%, 62:38
10e 175, (R)-VAPOL phosphoric acid 1.0 58%, 65:35
175
alsolated yield after column chromatography. b Enantiomeric
ratios were measured by chiral HPLC for entries 1-6,8 and via 1H
NMR analysis of the diastereomeric salt formed from the reaction
of the cycloadduct with 1.2 equiv of (R)-BINOL phosphoric acid
for entries 7, 9, and 10. c This reaction was stirred for an
additional 30 h at rt in order to achieve full conversion of the
starting material. d Reaction was conducted at -25 *C for 14 h.
e Reaction was conducted at -35 *C for 92 -144 h.
135 Akiyama, T.; Morita, H.; Itoh, J.; Fuchibe, K. Org. Lett. 2005, 7, 2583-2585.
174
Figure 7
To further increase
the enantioselectivity we
became interested in more
complex derivatives of
TRIP (140e). There are
reports of acids with
sterically demanding
substituents on the 4-
140e 140f
position of the aryl 3,3'-
stereodirecting group catalyze nucleophile additions to imines with high enantioselectivity.136
Molecular modeling (Figure 7)137 suggested that acid 140f' 38 might provide improved results
since there are hydrogen atoms on the anthracenyl ring that project back toward the phosphoric
acid moiety, providing an additional steric interaction with the substrate. However, as shown in
entry 8, the reaction promoted by 140f did not produce the desired cycloadduct with significantly
higher enantiopurity. Given that the synthesis of 140f requires an additional four steps compared
to the synthesis of 140e, we chose to continue developing the method using TRIP (140e). 3 9
The next stage of our investigation focused on developing an optimal protocol on
preparative scale for the enantioselective cycloaddition of 129 using TRIP (140e) as the Bronsted
136 (a) Jiao, P.; Nakashima, D.; Yamamoto, H. Angew. Chem. Int. Ed. 2008, 47, 2411-2413. (b) Cheng, X.;
Goddard, R.; Buth, G.; List, B. Angew. Chem. Int. Ed. 2008, 47, 5079-5081. (c) Cheon, C. H.; Yamamoto, H. J.
Am. Chem. Soc. 2008, 130, 9246-9247. (d) Cheng, X.; Vellalath, S.; Goddard, R.; List, B. J. Am. Chem. Soc. 2008,
130, 15786-15787. (e) Cheon, C. H.; Yamamoto, H. Org. Lett. 2010, 12, 2476-2479.
137 The model was prepared using MacSpartan '08 MMFF using the reported X-ray structure for 140e as a starting
point. CCDC 777645.
138 Acid 140f was developed by List, see: Ref. 136d
139 For a review of reactions catalyzed by TRIP (140e), see: Adair, G.; Mukherjee, S.; List, B. Aldrichim. Acta.
2008, 41, 31-39.
acid. One priority was to develop a protocol that would involve reactions at a single temperature
rather than allowing the reaction mixture to warm from -78 'C to room temperature, since we
were concerned about the reproducibility of this protocol. Table 10 details our results with
regard to the reaction conditions. We chose to focus on nonpolar solvents as reactions carried
out using phosphoric acid 140a140 in polar solvents like MeCN and THF resulted in significant
hydrolysis of the iminoacetonitrile to the corresponding formamide. Among the non polar
solvents examined, better enantioselectivity was obtained with dichloromethane as compared to
toluene.
Table 10
OSit-BuPh2
CN
129
1) 1.0 equiv (S)-TRIP (140e)
4 A sieves
solvent, time, temp H
2) CH 3CN, 50 *C, 1.5 h OSit-BuPh 2
N
130 CN
Entry Solvent Temperature, Time Resulta,b
1 toluene -78 "C, 6 h; 84% yield, 82:18 er
-78 *C to rt, 16 h
2 CH2CI2  -78 *C, 6 h; 95% yield, 92:8 er
-78 *C to rt, 16 h
3 CH2Cl2  -55 *C, 21 h 71% yield, 93:7 er
4 CH2Cl2 -25 *C, 16 h 91% yield, 90:10 er
5 CH2CI2  0 *C, 2.5 h 82% yield, 90% purity, 84:16 er
6 CH2CI2  rt, 2 h 85% yield, 95% purity, 82:18 er
a Isolated yield after column chromatography. b Enantiomeric ratios were
measured by 1H NMR analysis of the diastereomeric salt formed from the
reaction of 130 with 1.2 equiv of (R)-BINOL phosphoric acid.
140 For the preparation of 140a, see: Uraguchi, D.; Terada, M. J. Am. Chem. Soc. 2004, 126, 5356-5357.
The enantioselectivity of the cycloaddition showed a dependence on temperature.
Reactions conducted at 0 'C (entry 5) or room temperature (entry 6) afforded products with
lower enantioselectivity as compared to those run at lower temperatures. Reactions conducted at
-55 'C (entry 3) afforded cycloadduct 130 with no decrease in enantioselectivity (93:7) but were
sluggish, and 20-25% of iminoacetonitrile 129 was present after 21 h. Preliminary experiments
indicated that some substrates we were interested in would react slower than 129, so we also
evaluated the reaction of iminoacetonitrile 129 at -25 'C (entry 4), and obtained cycloadduct 130
in excellent yield and with enantioselectivity (90:10 er) comparable to that obtained from
reactions allowed from -78 'C to room temperature overnight (93:7 er). We did observe a small
decrease in enantioselectivity of the reaction of prototype substrate 129,141 but we concluded that
-25 'C would allow for the most reasonable rates of reactions for the other iminoacetonitriles.
Since we were employing a full equivalent of TRIP in these cycloadditions, we next
turned out attention to developing a procedure to recover the chiral phosphoric acid. As
described in the Experimental Section (Part IV), we are able to recover the chiral acid in 88%
yield after purification and reacidification.142 We have found it most convenient to combine
recovered TRIP from multiple experiments and then conduct the purification and reacidification
on a scale of > 1 g. As expected, the results obtained with recovered TRIP are indistinguishable
from those obtained with freshly prepared batches of the acid.
141 We estimate the error in the er measurements to be 1-2%. We obtained enantiomeric ratios of 92:8-93:7 on
multiple runs using 140e when allowing the reaction mixture to warm from -78 'C to rt.
142 The yield for the recovery of TRIP is also dependent on the reactions it is recovered from. Less successful
substrates or reactions which afforded more byproducts complicate the recovery lowering the yield to ca. 70%.
Enantioselective Intramolecular Cycloadditions of Iminoacetonitriles Promoted by TRIP
Measurement of Enantiopurity of Cycloadducts
The enantiopurity of the cycloaddition products was measured by 'H NMR analysis of
the diastereomeric salts formed by treatment of the cycloadducts with 1.2 equiv of (R)-(-)-1,1'-
binaphthyl-2,2'-diylphosphoric acid ((R)-BNPA). 143  For each reaction studied, racemic
cycloadducts were initially prepared via MsOH promoted cycloaddition Figure 8
and analyzed by the same method in order to identify well resolved
signals for measurement. In certain cases, we also analyzed cycloadducts
by HPLC in order to validate the enantiomeric ratios determined by IH
NMR. (R)-BNPA
Scope of the Enantioselective Cycloadditions of Iminoacetonitriles
The cycloadditions in the optimization studies described in the previous section generally
were carried out on a scale that produced 0.040 g of product. We next turned our attention to
scaling up the enantioselective cycloaddition to a preparative level that would generate at least
0.1 g of product. As shown in eq 28, the enantioselective cycloaddition of iminoacetonitrile 129
works well on a preparative scale. Exposure of iminoacetonitrile 129 to one equivalent of (S)-
TRIP (140e) at -25 *C for 2 h affords the desired cycloadduct 130 in 87% yield and with 90:10
er.
1) 1.0 equiv (S)-TRIP (140e)
4 A sieves (0.2 g/mmol acid) HCH2Cl2 -25 *C, 2 hOSit-BuPh2 2) CH3CN, 55 *C, 1.5 h OSit-BuPh2 (28)N~ HCI,-5 C h) N 4
87%
CN 90:10 er CN
129 130
m For a review of determining enantiopurity by 1H NMR, see: Parker, D. Chem. Rev. 1991, 91, 1441-1457.
The relative stereochemistry of the cyano group in 130 was confirmed by 'H NMR
analysis following the same procedure employed previously in our laboratory. Molecular
modeling of the axial cyano isomer, the isomer expected to be favored based on the anomeric
affect, indicated that the dihedral angles between the proton at C-4 and the axial and equatorial
protons at C-3 are 450 and 710, respectively. Based on the Karplus curve we predicted that the
proton at C-4 should appear as a doublet of doublets in the 'H NMR spectrum with one coupling
constant between 4 and 8 Hz and the other coupling constant to be between 1 and 2 Hz. Using
the same method, the equatorial cyano epimer was predicted to have one 3J coupling constant
between 9 and 14 Hz and a second 3J coupling constant between 3 and 6 Hz. The proton
attached to C-4 of 130 appears at 3.86 ppm as an apparent doublet (J = 6.0 Hz) which is
consistent with the predicted data for the axial cyano isomer.
R3SiO R3SiOHb Hb
N4 HaC 71 45 N 4 CN 1650
H CN 4 H Ha 510
130 4-epi-1 30
Predicted 3J Predicted 3J
JHaHb 4 to 8 Hz JHaHb 9 to 14 Hz
JHaHc 1 to 2 Hz JHaHc 3 to 6 Hz
We next turned our attention to the cycloaddition of a substrate in which the diene moiety
is substituted with an alkoxy or acyloxy group at the C-2 carbon. The products of cycloadducts
of this type of diene are of interest in connection with the application of this chemistry to the
total synthesis of natural products. We were also interested in this type of substrate in order to
study how altering the electronic properties of substituents at the C-2 position would affect
reaction rate. As discussed earlier, cycloadditions of iminoacetonitriles lacking a substituent at
the C-2 position on the diene are much slower than those that possess a C-2 substituent (i.e.,
129). We initially examined substrates incorporating a dienol silyl ether moiety, but these
compounds underwent rapid decomposition upon exposure to TRIP even at low temperatures.
We next turned our attention to the cycloaddition of iminoacetonitrile 168 promoted by (S)-TRIP
(140e) which afforded the desired cycloadduct 178 in 79% yield and with 85:15 er (eq 30).144
Interestingly, this reaction required 72 h at -25 'C for full conversion of the starting material.
TLC analysis indicated rapid formation of product in the first several hours of the reaction, but
the reaction rate seemed to continually decrease over time. We have observed small amounts of
mesityl carboxylic acid in the crude reaction mixtures, suggesting partial hydrolysis of the enol
ester may be occurring. If this side reaction consumes phosphate, then the reaction would then
be operating with a substoichiometric amount of acid present.
Me Me 1) 1.0 equiv (S)-TRIP (140e) Me Me4 A sieves (0.2 g/mmol acid)
CH 2C 2,-25 *C, 72 h 0
2) CH3CN, 60 *C, 2 h (30)N0 Me am N O Me
79%CN 85:15 er CN
168 178
We evaluated analogs of enol ester 168 to investigate how the size of the C-2 substituent
affects the enantioselectivity. The cycloadditions of iminoacetonitriles with enol pivalate (136)
and the corresponding triisopropylphenyl enol ester (179) substituents were evaluated under the
conditions shown in eq 31 and 32. The cycloaddition of the enol pivalate 13614' afforded the
desired cycloadduct with lower enantioselectivity (80:20 er) as compared to mesityl derivative
144 The stereochemistry of the C-4 cyano group was made based on comparison to the spectral data for cycloadduct
130
145 Iminoacetonitrile 136 was contaminated with 15% of a isomeric diene (i) which was observed unchanged in the
crude product of the reaction.
R OPv
168. Surprisingly, use of the more sterically demanding triisopropylphenyl enol ester 179 did
not result in any significant change in enantioselectivity as compared to the mesityl ester. In
addition, the rate of cycloaddition for the triisopropyl enol ester was slower than that of enol
mesityl ester 168 (96 h versus 72 h at -35 *C).
1) 1.0 equiv (S)-TRIP (140e)
4 A sieves (0.4 g/mmol acid)
O CH2CI2, -35 "C, 48 h H 02) CH3CN, 50 *C, 2 h (31)
N 0 * N 0
78% yield
CN 80:20 er CN
136 137
i-Pr i-Pr 1) 1.0 equiv (S)-TRIP (140e) i-Pr i-Pr4 A sieves (0.2 g/mmol acid) i
O CH2C2,-35 *C, 92h 0 2) CH 3CN,660% C, 2 h P (32)
C**N" 0 l-Pr 64% yieldC'0 
-P
88:12 er CNCN C
179 180
We next turned our attention to iminoacetonitrile 170, which reacted smoothly under our
standard conditions in the presence of one equivalent of (S)-TRIP to afford the desired tricyclic
cycloadduct (181) in good yield and with good enantioselectivity (88% yield, 93:7 er, eq 33).
1) 1.0 equiv (S)-TRIP (140e)
4 A sieves (0.2 g/mmol acid)
CH2CI2, -25 *C, 3.5 h2) CH3CN,855 *C, 2 h ,3: (33)
C 88% C
CN 93:7 er CN
170 181
This compound has been prepared previously in our lab and the stereochemistry of the
cyano group at C-4 was determined via analysis of the coupling constant between H-3 and H-4.
Molecular modeling revealed that the dihedral angle between H-3 and H-4 should be 800 for the
axial cyano epimer and 45 'C for the equatorial cyano epimer. 146 Based on the Karplus curve,
the axial cyano epimer should show a 3J coupling between H-3 and H-4 of 0-1 Hz, while the
coupling for the equatorial epimer should be 4 to 8 Hz. The 'H NMR of 181 showed the
resonance corresponding to H-4 at 3.44 ppm as a singlet (J = ca. 0 Hz). This is most consistent
with the cyano substituent in the axial position. This is also consistent with the stereochemical
outcome predicted by the anomeric effect and suprafacial addition to the diene.
N HfH
H CN 800
181
We next investigated the cycloaddition of iminoacetonitrile 172 with a methyl group on
the terminal carbon of the diene (eq 34). Cycloaddition using our standard conditions afforded
the desired cycloadduct 182 in 74% yield and with 93:7 er. One likely explanation for the
decrease in reaction rate relative to the prototype case 129 (72 h versus 2 h) is the lack of a
substituent at C-2 of the diene. As discussed previously, a substituent at this position should
stabilize any developing partial positive charge in the transition state for an asynchronous
cycloaddition.
1) 1.0 equiv (S)-TRIP (1400)
4 A sieves (0.2 g/mmol sieves)
CH 2CI2, -25 *C, 72 h H CH 3C2 a 2) CH 3CN, 55 C, 2 h C H (
SCH 3  74% KCHQ 3 ~
CN 93:7 er N CN 80*
172 CN H80
172 182 181
146 Most stable conformation was calculated with Spartan 08 using DFT at the B3LYP 6-31 1G* level of theory
The assignment of the stereochemistry for 182 was analogous to that of 181. Bohlmann
bands (2745-2807 cm-) in the IR spectrum indicate a trans-fused ring junction. The dihedral
angles for the axial and equatorial cyano epimers of 182 were calculated, and the results were
similar to with those obtained for tricyclic cycloadduct 181 (80' dihedral angle between H-3 and
H-4 for the axial cyano epimer, 400 for the equatorial epimer). The proton attached to C-4 again
appears at 3.44 ppm as a singlet in the 1H NMR spectrum, and we conclude that the cyano and
methyl groups are in axial positions as predicted by the anomeric affect and suprafacial addition
to the diene.
Having developed several enantioselective cycloadditions leading to quinolizidines, we
turned our attention to the cycloaddition of iminoacetonitrile 166 which would furnish an
indolizidine cycloadduct. The cycloaddition of 166 proceeded in good yield (89%) and afforded
amino nitrile 183 as a 72:28 mixture of equatorial (183a) and axial (183b) cyano epimers (eq
35).147 We were surprised by the significant reduction in enantioselectivity (72:28 er) compared
to the cycloaddition of 129. As expected, the reaction required longer time compared to the
homologous substrate 129 (16 h versus 2 h). It appears that the enantioselective cycloadditions
of iminoacetonitriles that lead to indolizidines proceed with lower enantioselectivity. Lacking a
clear model for the transition state of the cycloaddition of iminoacetonitriles promoted by TRIP,
we are unable to account for the reduction in enantioselectivity at this time.
1) 1.0 equiv (S)-TRIP (140e)
4 A sieves (0.2 g/mmol acid) H H
OSit-BuPh2  CH 2CI2, -25 *C, 16 h OSiR3  OSiR3 (35)
89% yield CT+CN
CN 86:14 dr (183a to 183b) CN CN
166 72:28 er 183a 183b
147 The stereochemical assignment of 183a and 183b was made based on comparison to the spectral data for related
indolizidines 108a and 108b and analogous quinolizidine 130.
Catalytic Enantioselective Cycloaddition of Iminoacetonitriles
Based on the success with enantioselective cycloadditions using stoichiometric amounts
of TRIP, we next investigated the application of catalytic amounts of chiral Bronsted acids in
cycloadditions of iminoacetonitriles. We initially tried to implement our standard reaction
conditions using 30 mol% of TRIP (eq 36). We observed ca. 30% conversion after the first
several hours of reaction at -25 *C, but we did not observe any further product formation after 72
h of additional reaction time. The reaction was then warmed to room temperature and allowed to
stir until the starting material was consumed. After workup and purification, the desired
cycloadduct was obtained in modest yield (55%), but good enantioselectivity (90:10). We
presume that little to no proton transfer took place at -25 'C and prolonged reaction time at this
temperature resulted in the low yield. Based on our temperature studies discussed earlier, the
observed enantioselectivity is consistent with the majority of the reaction occurring at or near -25
*C.
1) 0.3 equiv (S)-TRIP (140e)
4 A sieves (0.2 g/mmol acid) H
CH 2CI2, -25 -C, 72 h; rt, 3 h
N OSit-BuPh2 2) CHCN, 55 C, 1.5 h OSit-BuPh2 (36)
55% )CN 90:10 er CN
129
130
To further improve the yield, we allowed the reaction mixture to warm up after 2 hours at
-25 'C. The reaction mixture was stirred at -25 0C for 2 h to allow the first 30 mol% of
iminoacetonitrile to react, presumably giving product in 90:10 er. The cryocool was then
deactivated and the reaction mixture was left submerged in the cold bath, allowing the reaction to
slowly warm to + 15 'C over 7 h. The reaction mixture could then be removed from the cold
bath and allowed to warm to room temperature to complete the reaction. As shown in eq 37, this
protocol resulted in a higher yield (70%), but a slight decrease in the enantioselectivity (87:13
er).
1) 0.3 equiv (S)-TRIP (140e)
4 A sieves (0.2 g/mmol acid)
CH2Cl2, -25 *C, 2 h;
-25 to +15 C, 7 h; rt, 11 h HOSit-BuPh2 2) CH3CN, 55 *C, 1.5 h OSit-BuPh2 (37)
70%
CN 87:13 er CN
129
130
Interestingly, we found the yield could be further improved by increasing the amount of
sieves from 0.2 to 1.4 g/mmol acid. As shown in eq 38, these modified reaction conditions
afforded cycloadduct 130 in 80% yield, but no change in the enantioselectivity was observed
(87:13 er).
1) 0.3 equiv (S)-TRIP (140e)
4 A sieves (1.4 g/mmol acid)
CH 2C 2, -25 *C, 2 h;
-25 to +15 *C, 4 h; rt, 17 h HOSit-BuPh2 2) CH3CN, 55 *C, 1.5 h OSit-BuPh2 (38)
80% C
CN 87:13 er CN
129 130
The catalytic cycloaddition of iminoacetonitrile 170 was also evaluated under the optimal
reaction conditions developed above (eq 39). The desired cycloadduct 181 was obtained in good
yield (74%) and with the same enantioselectivity observed following the stoichiometric protocol
(93:7 er). This suggests that the dependence of enantioselectivity on temperature is unique for
each substrate.
1) 0.3 equiv (S)-TRIP (140e)
4 A sieves (1.4 g/mmol acid)
CH2Cl2, -25 "C, 2 h;
-25 to +15 *C, 4 h; rt, 17 h H
2) CH3CN, 55 *C, 1.5h ~39
N * N(39)
74%
CN 93:7 er CN
170 181
Summary
The results reported in this chapter and summarized in Table 10 represent the first
examples of enantioselective intramolecular aza Diels-Alder reactions of imino dienophiles.
The cycloadditions of iminoacetonitriles that afford quinolizidine products proceed in high yields
(74-89%) and with good enantioselectivities (85:15 to 93:7 er). However, a substrate that
afforded an indolizidine cycloadduct reacted in good yield (89%), but with lower
enantioselectivity (72:28 er). The disadvantage of using stoichiometric amounts of the chiral
reagent is mitigated by our ability to recover the acid in high yield (88%). In addition, catalytic
enantioselective reactions are possible and furnish products in comparable yields and
enantioselectivities. These catalytic cycloadditions require warming to room temperature for
complete conversion of the starting material and are only practical for substrates which react
rapidly at -25 'C with stoichiometric amounts of TRIP.
Combined with the synthetic utility of the a-amino nitrile cycloadducts, we believe that
this extension of our methodology will provide a valuable strategy for the asymmetric synthesis
of functionalized nitrogen heterocycles. Part III of this thesis will describe in full detail our
application of this methodology to the total synthesis of (-)-quinolizidine 2071.
(S)-TRIP
4 A sieves
CH2CI2, -25 *C
(S)-TRIP
(equiv)
H R'
=Ri
CN
Time Product Resulta,b
1 I OSit-BuPh2
2
CN 129CN
3 I OSit-BuPh2
CN 166
0 Mes
CN 168
5 N
6
CN
1.0 2 h 130 87% yield, 90:10 er
0.3 - -C 130 80% yield, 87:13 er
1.0 16 h
1.0 72 h
1.0 3.5 h
183 89% yield, 72:28 er
(87:13 dr 183a:183b)
178 79% yield, 85:15 er
181 88% yield, 93:7 er
0.3 - -C 181 74% yield, 93:7 er
1.0 72 h 182 74% yield, 93:7 er
a Isolated yield after column chromatography. b Enantiomeric ratios were measured by
chiral HPLC for entries 1-6,8 and via 1H NMR of the diastereomeric salt formed from the
reaction of the cycloadduct with 1.2 equiv of (R)-BINOL phosphoric acid. I See previous
discussion for full reaction details.
Table 10
Entry Iminoacetonitrile
172
170
Part III:
Total Synthesis of (-)-Quinolizidine 2071
Chapter 1: Background
Introduction
A large number of toxic quinolizidine and indolizidine alkaloids have been isolated from
the skins of poisonous amphibians. 148,149 Some of these compounds have been shown to be
potent and selective inhibitors of nicotinic acetylcholine receptors and are lead compounds for
the development of drugs to treat neurological disorders such as Alzheimer's, schizophrenia, and
bipolar disorder. 150 In addition, some quinolizidine and indolizidine natural products have utility
as research tools in neurophysiological investigations.15 1
One of the major obstacles preventing the systematic study of the biological activity of
these natural products is the fact they are often isolated in minute quantities from the skin
extracts of the amphibians. The isolation of alkaloids from amphibians bred and raised in
captivity is not possible as the alkaloids are of dietary origin.152 Since isolation only allows
access to the natural products in very small amounts, some structural assignments of these
natural products remain tentative. Since chemical synthesis could provide the means to produce
significant quantities of these natural products and confirm their structures, a large number of
148 For a review of the chemistry and biology of indolizidine and quinolizidine alkaloids, see Daly, J. W.; Garraffo,
H. M.; Spande, T. F. In Alkaloids: Chemical and Biological Perspectives; Pelletier, S. W., Ed.; Pergamon: New
York, 1999; Vol. 13, pp 1-161.
149 For a listing and discussion of over 800 natural products isolated from amphibian skin, see: Daly, J. W.; Spande,
T. F.; Garraffo, H. M. J. Nat. Prod. 2005, 68, 1556-1575.
"0 Tsuneki, H.; You, Y.; Toyooka, N.; Kagawa, S.; Kobayashi, S.; Sasaoka, T.; Nemoto, H.; Kimura, I.; Dani, J. A.
Molecular Pharmacology 2004, 66, 1061-1069 and references therein.
"1 (a) Lloyd, G. K.; Williams, M. J. Pharm. Exp. Ther. 2000, 292, 461-467. (b) Dani, J. A.; De Biasi, M.; Peterson,J.; Zhang, L.; Zhang, T.; Zhou, F. M. Bioorg. Med. Chem. Lett. 2004, 14, 1837-1839.152 For a review of the dietary hypothesis, see: Saporito, R. A.; Spande, T. F.; Garraffo, H. M.; Donnelly, M. A.
Heterocycles 2009, 79, 277-297.
syntheses have been reported. 153'1 5 4 However, there are very few general methods that are
capable of preparing significant quantities of these alkaloids.
The disubstituted 1,4-quinolizidines and 5,8-indolizidines represent two of the larger
subclasses of natural products that contain quinolizidine or indolizidine ring systems.' 5 5 There
are four possible diastereomers for each class of natural product (Figure 9). The only
diastereomeric arrangements that have not yet been observed in nature are 185, 187, and 188.
Our long term goal is to develop a "universal strategy" that would allow access to a variety of
quinolizidine and indolizidine natural products and which would have the ability to generate both
the natural and unnatural diastereomers via a few common a-amino nitrile cycloadducts.
Figure 9
R1 R1 RI R1H H H H
I 4 4
R2 Rj2 R 2 R 2
184 185 186 187
RI R1 R1 RH HHH
KN 5 N 5 N 5 N5
R2R2R2 R2
188 189 190 191
153 For reviews, see: (a) Michael, J. P. Nat. Prod. Rep. 2000, 17, 579-602. (b) Michael, J. P. Nat. Prod. Rep. 2001,
18, 520-542. (c) Michael, J. P. Nat. Prod. Rep. 2002, 19, 719-741. (d) Michael, J. P. Nat. Prod. Rep. 2003, 20, 458-
475. (e) Michael, J. P. Nat. Prod. Rep. 2004, 21, 625-649. (f) Michael, J. P. Nat. Prod. Rep. 2005, 22, 603-626. (g)
Michael, J. P. Nat. Prod. Rep. 2007, 24, 191-222. (h) Michael, J. P. Nat. Prod. Rep. 2008, 25, 139-165.
154 Michael, J. P. In The Alkaloids; Cordell, G. A., Ed.; Academic Press: New York, 2001; Vol. 55, pp 91-258.155 For reviews on the synthesis of 1,4-disubstituted quinolizidines and 5,8-disubstituted indolizidines, see (a)
Michael, J. P. In The Alkaloids; Cordell, G. A., Ed; Academic Press: New York, 2001; Vol. 55, pp 91-258. (b) Ref.
153.
Based on the work reported by David Amos and Kevin Maloney, we were confident that
we would be able to efficiently access both epimers at the quinolizidine C-4 and indolizidine C-5
positions using the alkylation/reductive decyanation and Bruylants strategies discussed in Part II,
Chapter 1. Kevin Maloney also demonstrated a strategy to control the stereochemistry at the
quinolizidine C-1 and indolizidine C-8 positions based on thermodynamic control (Scheme 21).
As shown below, deprotection of an enol ether or enol ester under basic conditions equilibrates
the methyl group to the desired equatorial isomer. The resulting compounds were then further
elaborated to afford (-)-quinolizidine 217A156 and (±)-indolizidine 235B'.
Scheme 21
CH3H:
N
H CH3  HCH3
- OPG0
( n )n__(_ Quinolizidine 217AN n=1,2 N
R R H CH3
192 193 ~
N
Indolizidine 235B'
Background: Previous Total Syntheses of Quinolizidine 2071
We undertook the synthesis of (-)-quinolizidine 2071 to further develop and refine our
methodology. We were particularly interested in the synthesis of this natural product as it would
be the first demonstration of our method's ability to access systems with the C-1 substituent
trans to the adjacent hydrogen at the ring junction. (-)-Quinolizidine 2071 was isolated from skin
156 Maloney, K. M.; Danheiser, R. D. Org. Lett. 2005, 7, 3115-3118.
157 Unpublished results at the time of writing this thesis.
extracts of the Madagascan poison frog Mantella baroni by the late John Daly and coworkers.158
The stereochemistry at C-1 was ambiguous at the time of isolation, but was later assigned after
Momose synthesized what turned out to be 1-epi-quinolizidine 2071.159 (+)-Quinolizidine 2071
and (-)-1-epi quinolizidine 2071 have activity as selective noncompetitive inhibitors of nicotinic
acetylcholine receptors.15 0
Figure 10
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(-)-Quinolizidine 2071 (-)-1 -epi-Quinolizidine 2071
Two total syntheses of quinolizidine 2071 have been reported. Rassat reported the first
total synthesis of (±)-quinolizidine 2071 by a route that required 21 steps.160 Rassat's synthesis
produced racemic natural product and comparison to the natural product confirmed the relative
stereochemistry of 2071. In 2003, Toyooka reported the synthesis of (+)-quinolizidine 2071 and
by comparison to the isolated natural product determined that the absolute stereochemistry of the
natural material is that of (-)-quinolizidine 2071.161 Toyooka's synthesis does afford enantiopure
material, but it is even longer (28 steps) than Rassat's route. The length of both syntheses
prevents them from being a practical means to obtain quinolizidine 2071 in meaningful
quantities. In addition, both syntheses apply the same general synthetic strategy that involves
158 Jain, P.; Garraffo, M.; Yeh, H. J. C.; Spande, T. F.; Daly, J. W. J. Nat. Prod. 1996, 59, 1174-1178.
159 Toyooka, N.; Tanaka, K.; Momose, T. Tetrahedron 1997, 53, 9553-9574.
160 (a) Michel, P.; Rassat, A. Chem. Commun. 1999, 2281-2282. (b) Michel, P.; Rassat, A. J. Org. Chem. 2000, 65,
8908-8918.
161 Toyooka, N.; Nemoto, H. Tetrahedron Lett. 2003, 44, 569-570.
formation of the quinolizidine ring system via cyclization of a piperidine. The following
sections discuss the tactics employed in each synthesis.
Scheme 22
Et Rassat Et Toyooka Et
HN KN HN
0 RI R X R2
194 195 196
Rassat's Synthesis of (±)-Quinolizidine 2070
As shown in Scheme 23, Rassat's synthesis began with commercially available diepoxide
197. A series of functional group manipulations afforded azabicyclo[3.3.1]nonane 198 in ca.
90% yield over 4 steps. Next, a 3-step sequence installed the C-i ethyl group using the bicyclic
system to control the stereochemistry of the hydrogenation of the intermediate exocyclic alkene.
An additional two steps involving protecting group manipulations afforded secondary alcohol
199 in 75% yield from 198. Swern oxidation followed by silyl enol ether formation afforded 200
in good yield. Ring opening via ozonolysis and Swern oxidation of the resulting alcohol
furnished piperidine 201 in 58% yield. At this point in the synthesis, all of the required
stereocenters have been set, and the remaining transformations were directed towards formation
of the quinolizidine ring system. Wittig reaction, reduction of the ester, and acetal hydrolysis
afforded atp-unsaturated aldehyde 202 in 79% yield over three steps.
Scheme 23
1) BnNH 2, H20, reflux
2) TFAA, Et3N, CH2CI23) NaOH, THF/H20
4) XSit-BuMe 2
00 0 ca. 90%
197
H 1) BrPh3P O
t-BuOK, THF OHC
2) LiEt3BH, THF tNCbz 3) HCI, THF/H20 't"-cNCbz
'--,,,179% "'CO 2Me
202 OH 201
1) Swern
2) Ph3PEtBr, t-BuOK
Bn 3) Pd/C, H2, MeOH CbzB 4) CbzCI, K2C03  H NH 5) HF, MeCN
HO 75% Et
HO
t-BuMe2SiO 198 199
1) Swern
2) KH, CISit-BuMe 2
71%
1) 03, CH2CI2, MeOH; CbzNaBH 4; CH2N2  H N
2) Swern Et~L
58%
R3SiO 200
As shown in Scheme 24, catalytic hydrogenation of 202 promoted a series of reactions in
a single flask. After reduction of the alkene and deprotection of the amine, the resulting
aldehyde cyclizes onto the piperidine ring producing an iminium ion which is reduced under the
reaction conditions to afford quinolizidine 203 in 78% yield. A series of homologations installed
the required allyl group and furnished racemic 2071 in 25% over four steps. Rassat's synthetic
material was identical to natural 2071 based on comparison of the GC-FTIR spectral data and GC
co-injection with the natural material.
Scheme 24
2 Pd/C, H2, MeOH y
I 30 :
OHC N 78% N
202 OH 203 OH
1) Swern
2) Ph 3PCH 2OMeBr, t-BuOK
62%
H Et 1) HCI, THF/H 20 H Et2) (Ph 3PCH 3)*Br, H
t-BuOK, THF
N N
41%
(±)-Quinolizidine 2071 204 OMe
The highlights of Rassat's route are the use of the [3.3.1] bicyclic system to set three
stereocenters and the one-pot series of reactions promoted by catalytic hydrogenation to form the
quinolizidine ring system. However, the synthesis lacks convergence and is lengthy considering
the lack of complexity in the target molecule. At 21 steps, this synthesis cannot be regarded as
practical. Regardless of the drawbacks of this synthetic route, Rassat's synthesis did confirm the
relative stereochemistry of quinolizidine 2071.
Toyooka's Total Synthesis of (+)-Quinolizidine 2071161
Toyooka's synthesis of (+)-quinolizidine 2071 began with enantioenriched (97:3 er)
acetate 205, which is available in two steps from 2-ethyl-1,3-propanediol by acylation and
enzymatic desymmetrization via a known procedure (Scheme 25).162 A lengthy series of
functional group manipulations and homologations afforded azide 206 in 44% yield over 11
162 Izquierdo, I.; Plaza, M. T.; Rodriquez, M; Tamayo, J. Tetrahedron: Asymmetry. 1999, 10, 449-455.
steps.163 Catalytic hydrogenation with Pd/C reduced the azide and the resulting amine then
underwent lactimization in situ affording lactam 207 in 73% yield. Acylation of the amide
nitrogen, formation of the vinyl triflate, and Sonogashira cross-coupling installed the THP
protected propanol substituent. Hydrogenation afforded piperidine 208 as the all-cis isomer in
83% yield over four steps. The stereocenters present on the ring control the conformation of the
six-membered ring and only allow hydrogenation from the top face as shown.
Scheme 25
N3
11 steps C2t P/,HAcO OH I t-BuPh2SiO C 2 Et Pd/C, H2
44% 73%
205 206
1) n-BuLi, CICO 2Me
2) LIHMDS, PhNTf2
3) THPOCH 2C=CH
Pd(Ph3P)4, Cul, i-Pr2NHHC - 4) Rh/C, H2, EtOAc H3C 'NJ
t-BuPh 2SiO&KN '.,, OTHP 83 t-BuPh2SiO . N 0
CO2Me H
208 207
As shown in Scheme 26, the silyl ether containing substituent was elaborated via a four-
step sequence of deprotection, Swern oxidation, Wittig reaction, and catalytic hydrogenation.
Removal of the THP group via hydrolysis under acidic conditions furnished alcohol 209 in 37%
yield from 208. Elimination of the alcohol via Grieco's method afforded allyl-substituted
piperidine 210 in good yield. 164 After removal of the acyl group on nitrogen and the MOM
ether, exposure of the resulting alcohol to CBr4 and Ph3P afforded (+)-quinolizidine 2071 in 44%
yield from 210. Toyooka established the identity of his synthetic material by comparison to the
163 Toyooka, N.; Fukutome, A.; Nemoto, H.; Daly, J. W.; Spande, T. F.; Garraffo, M.; Kaneko, T. Org. Lett. 2002, 4,
1715-1717.
164 Grieco, P. A.; Gilman, S.; Mishizawa, M. J. Org. Chem. 1976, 41, 1485-1486.
spectral data reported by Rassat for (±)-2071. GC co-injection with (±)-2071 and natural 2071
established that Toyooka's synthetic material was (+)-2071 and established that the natural
product is (-)-quinolizidine 2071.
Scheme 26
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Summary
Rassat's and Toyooka's syntheses were important for confirming the structure of natural
quinolizidine 2071. However, both syntheses suffer from a lack of efficiency, and at 21 and 28
steps, respectively, are not practical enough to afford significant quantities of the natural product.
Both syntheses rely on cyclization strategies to form the quinolizidine ring system from a
substituted piperidine. The following chapter describes our synthesis of (-)-quinolizidine 2071
using a [4 + 2] cycloaddition of an iminoacetonitrile.
Chapter 2: Total Synthesis of (-)-Quinolizidine 2071 via
Cycloaddition of an Iminoacetonitrile
Retrosynthetic Analysis
Motivated by the lack of an efficient synthesis of quinolizidine 2071 and the challenge of
further expanding the scope of our iminoacetonitrile chemistry, we began our investigations
based on the following strategy. Unlike the syntheses reported by Rassat and Toyooka, our
strategy would form both rings of the quinolizidine core simultaneously via the Diels-Alder
cycloaddition of an iminoacetonitrile (Scheme 27). Based on our previous work, we were
confident that the C-4 allyl group could be installed stereoselectively using the
alkylation/reductive decyanation protocol. We were encouraged by literature reports from the
Kurihara laboratory (eq 40)165 that suggested that the stereochemistry of the ethyl group at C-1
could be set by hydrogenation. The requisite amino nitrile 213 would be available from the aza
Diels-Alder reaction of iminoacetonitrile 214. Iminoacetonitrile 214 would be prepared from
aldehyde 216 after installation of the diene and elimination of triflic acid from triflamide 215.
Aldehyde 216 is an intermediate used in our laboratory's synthesis of (-)-quinolizidine 217A,156
and it is readily available from commercially available 5-hexen-1-ol (217) in two-steps.
H CO2Me 1) H2/PtO 2  H CH2OH
2) LiAIH4  (40)
N 49-65% N
211 212
165 Matsubara, Y.; Yoneda, R.; Harusawa, S.; Kurihara, T. Chem. Pharm. Bull. 1988, 36, 1597-1600. (b) Kurihara,
T.; Matsubara, Y.; Osaki, H.; Harusawa, S.; Yoneda, R. Heterocycles, 1990, 30, 885-896
213(-)-Quinolizidine 2071
OH <ZZZCCHOTf CN
217 216
214
Et
Tf CN
215
Total Synthesis of (-)-Quinolizidine 207166
Synthesis of the Iminoacetonitrile
As reported in our total synthesis of quinolizidine 217A, Mitsunobu reaction of hexenol
217 and triflamide 102 under our standard conditions furnishes triflamide 218 in excellent yield.
Ozonolysis of the terminal alkene then affords aldehyde 216 (Scheme 28).
Scheme 28
1.05 equiv TfNHCH 2CN (102)
1.2 equiv PPh31.2 equiv DIAD 03, DCM, -78 *C;
THF, rt, 2 h 1.05 equiv Ph3P, rt, 18 h CHO
OH 90-99% 89-94% Tf
Tf ITfICN CN
217 218 216
Preliminary experiments conducted by David Amos and Mandeep Virdi had shown that
formation of the diene via sequential Wittig reactions was problematic and not capable of
166 Initial work on the synthesis of 2071 was conducted by Mandeep Virdi.
Scheme 27
Et Et
CN
producing the desired diene in high yield. We then chose to investigate the installation of the
diene via the sequential allylboration/Peterson olefination strategy introduced by Wang. 167
As shown in Scheme 29, hydroboration of allene 219168 with 9-BBN initially affords
allylborane 220. Allylborane 220 then equilibrates via a 1,3-sigmatropric rearrangement upon
stirring briefly at room temperature producing the more thermodynamically stable allylborane
222. 169
Scheme 29
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SIM03  SIMe3  Et
219 220 221 222
Scheme 30 Et
CHO*==( S + 9-BBN Et
- 219 Si eC 
N Et
TC1 N NCN THF, 0 *C; then add Tf Tf
216 cat. H2SO4  CN CN0 *C to rt, 2.5 h 79-86% 215a >95:5 215b
H2SO 4  NaOH
H RH SMe3  - Sie
Me3Si B - H Et
Et 223 224
167 (a) Wang, K. K.; Gu, Y. G.; Liu, C. J. Am. Chem. Soc. 1990, 112, 4424-4431. (b) Gu, Y. G.; Wang, K. K.
Tetrahedron Lett. 1991, 32, 3029-3032. (c) Wang, K. K.; Liu, C.; Gu, Y. G.; Burnett, F. N. J. Org. Chem. 1991, 56,
1914-1922
168Allene 219 was prepared via an adaptation of an Organic Syntheses procedure developed previously by our
laboratory and afforded the required allene in 46% yield; see, Danheiser, R. L.; Tsai, Y.-M.; Fink, D. M. Org. Synth.
1988, 66, 1-4.
169 For a discussion, see: (a) Kramer, G.; Brown, H. C. J. Organomet. Chem. 1977, 132, 9-27. (b) Ref. 169c
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As shown in Scheme 30, the allylboration of aldehyde 216 by allylborane 222 furnishes
the intermediate p-hydroxysilane 224. The conditions used for the subsequent Peterson
olefination controll the internal alkene geometry. Acidic conditions promote elimination via the
anti configuration affording the E internal alkene while basic conditions promote syn elimination
affording the Z isomer. As shown in Scheme 30, catalytic sulfuric acid promotes the desired
elimination reaction affording diene 215 in excellent yield (79-86%) and with >95:15 E:Z ratio.
The stereochemistry of the internal alkene was confirmed via analysis of the H NMR spectrum
and comparison to similar compounds reported by Wang 67 and Kise (Figure 11)
Figure 11
Our Work Wang Kise
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CSH11 Me Me
Tf
CN 6.25 ppm 6.38 ppm 6.30 ppm
215a 225 226
6.66 ppm
H 6.78 ppm 6.78 ppm
H HHC1-1
N 3 CH3  CH11  Me CI Me
Tf CN
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During the course of our experiments we found that the amount of sulfuric acid used in
the elimination is critical to the success of the reaction. If 0.1 equivalents of sulfuric acid are
used in reactions larger than 1-gram scale, a byproduct forms that significantly complicates
purification. We were unable to conclusively identify this byproduct. The 'H NMR spectrum
showed that it did share some structural features with the desired product, but also included a
101
cyclooctanediol fragment. Increasing the amount of sulfuric acid to 0.4 equivalents completely
avoids the formation of this byproduct.
As shown in eq 41, exposure of triflamide 215 to 4 equivalents of Cs2 CO3 in warm THF
furnishes the desired iminoacetonitrile 214 in excellent yield (89-95%) as an inconsequential
mixture of E and Z isomers (77:23 E/Z).
Et 4 equiv Cs2CO 3  Et
THF, 55 *C, 1.5h N (41)
N 91-95% N E
Tt E:Z 77:23
CN CN
215 214
Synthesis of Quinolizidine 2071 via Enantioselective [4 + 2] Cycloaddition
We next turned our attention to the [4 + 2] cycloaddition of iminoacetonitrile 214. We
investigated the cycloaddition with a stoichiometric amount of MsOH in order to provide
racemic material for optimization of the remainder of the synthesis. Treatment of 214 with
methanesulfonic acid 70 afforded the desired cycloadduct in excellent yield (80-90%) as a single
diastereomer after equilibration and purification (eq 42).
1) 1.3 equiv MsOH
Et 4 A sieves Et
CH2CI2, 0 *C, 1 h; rt, 1 h H
2) MeCN, 50 *C, 1.5 h (
N 4 (42)N 80-90%N
E:Z 77:23 CN CN
214 213
The stereochemical assignment of 213 was straightforward. Bohlmann bands at 2811
and 2848 cm 1 indicated a trans-fused quinolizidine. 87 The stereochemical assignment of the
170 Monitoring progress of the cycloaddition by TLC is difficult as the kinetic product coeleutes with the starting
material. Thus, 1.3 equiv of MsOH was employed instead of the standard 1.0 equivalents to ensure complete
reaction.
102
cyano group was based on analysis of 1H NMR spectral data. Molecular modeling of the axial
cyano isomer, the isomer expected to be favored based on the anomeric affect, indicated that the
dihedral angles between the proton at C-4 and the axial and equatorial protons at C-3 are 450 and
710, respectively. Based on the Karplus curve we predicted the proton at C-4 to appear as a
doublet of doublets in the 'H NMR spectrum with one coupling constant between 4 and 8 Hz and
the other coupling constant to be between 1 and 2 Hz. Using the same method, the equatorial
cyano epimer was expected to have one 3J coupling constant between 9 and 14 Hz and a second
3j coupling constant between 3 and 6 Hz. The proton attached to C-4 of 213 appears at 3.75 ppm
as a doublet-of-doublets (J = 6.0 Hz and 1.0 Hz) which is consistent with the predicted data for
the axial cyano isomer.
Et Hb 450EtH
H 710 4Ci
H CN H Ha 470 1670
213 4-epi-213
Predicted 3J Predicted 3J
JHaHb 4 to 8 Hz JHaHb 9 to 14 Hz
JHaHc 1 to 2 Hz JHaHc 3 to 6 Hz
Next, we investigated the enantioselective cycloaddition of iminoacetonitrile 214 with
(R)-TRIP (eq 43).171 Cycloaddition of 214 promoted by one equivalent of (R)-TRIP at -25 *C
afforded the desired a-amino nitrile 213 in good yield (71% yield) and with 71:29 er. Based on
comparison to previous results, we concluded the lower enantioselectivity is most likely because
of the lack of substitution at C-I or C-2 of the diene. We are not able to comment on what effect
171 (S)-TRIP (140e) consistently afforded cycloadducts with positive optical rotations. We chose to evaluate (R)-
TRIP on the assumption that the (-)-cycloadduct would most likely afford the (-)-2071.
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the C-1 ethyl group has on the enantioselectivity since this is the first enantioselective
cycloaddition of an iminoacetonitrile with a C-1 substituent.
(i-Pr)3C6H2
0 ,,0
1) 1.0 equiv I- POH 229
(I-Pr03COH2
Et 4 A sieves (0.2 g/mmol acid) Et
4 3 CH2Cl2, -25 *C, 72 h HEt
2 2) MeCN, 50 *C, 1.5 h
_ j ' ___ (43)N 1i 71% N
E:Z 77:23 CN 71:28 er N
214 213
Stereocontrolled Installation of the C-4 Substituent via Alkylation and Reductive Decyanation
Our initial plan was to set the stereochemistry of the C-I ethyl group by hydrogenation of
cycloadduct 213; however, experiments conducted by Mandeep Viridi showed that cycloadduct
213 was resistant to hydrogenation under a variety of conditions. We suspected that the amino
nitriles were ionizing in situ and that cyanide was then poisoning the catalyst. In support of our
hypothesis, hydrogenation of quinolizidine 231 was found to proceed smoothly (Scheme 31).
Scheme 31
H2  Et NaBH 3CNHEt cat H AcOH Et Et
MeCN cat
N N (:N N
CN CN
230 213 231 232
Hydrogenation of piperidines containing a-amino nitrile systems have been reported in
the literature, but cycloadduct 213 was unreactive under the same conditions.172 Less polar
172 Grierson, D. S.; Harris, M.; Husson, H.-P. J. Am. Chem. Soc. 1980, 102, 1064-1082. (b) Bosch, J.; Feliz, M.;
Bennasar, M.-L. Tetrahedron, 1984, 40, 1419-1423. (c) Bosch, J.; Rubiralta, M.; Domingo, A.; Bol6s, J.; Linares,
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solvents were employed to minimize ionization of cyanide, but this was not effective and
cycloadduct 213 was recovered in good yield. We suspect that the more rigid quinolizidine
framework improves the nitrogen lone pair's ability to stabilize a carbocation resulting in a
higher equilibrium concentration of cyanide in solution.
In light of these results, we altered the synthetic route such that the necessary C-4 allyl
substituent would be installed in masked form via alkylation and reductive decyanation prior to
hydrogenation. With the cyano group removed, hydrogenation would be possible. We
investigated the alkylation of cycloadduct with bromoethanol derivative 233 followed by
reductive decyanation under our standard conditions (eq 44). However, the desired product was
consistently contaminated with 15% of an inseparable, structurally similar byproduct. The
resonances in the 'H NMR spectrum of the mixture of 244 and the minor product are broadened
which prevented the conclusive identification of the minor product. Chemical correlation
experiments conclusively identified this minor product as the undesired diastereomer at C-4
(vida infra).
1) LDA
Et THF, -78 "C, 2 h; EtH BrCH2CH2OSit-BuMe2 (233) H
-78 *C, 10 min (44)
N 2) NaBH 3CN, AcOH N 4
CN MeCN, rt, 3 h 85:15 dr OSit-BuMe2
213 71-78% 244
We were confident that the major product was the desired isomer based on analysis of the
H NMR spectrum (Figure 12). Polniaszek reported that the 'H NMR spectra of quinolizidines
and indolizidines possessing an equatorial substituent at C-4 show a characteristic proton
A.; Minguill6n, C.; Amat, M.; Bonjoch, J. J. Org. Chem. 1985, 50, 1516-1522. (d) Rubiralta, M.; Diez, A.; Bosch,
J. Heterocycles 1988, 27, 785-788.
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resonance at ca. 3-3.2 ppm. 173 This characteristic resonance corresponds to the equatorial proton
at C-6 which is shifted uncharacteristically downfield due to steric crowding with the equatorial
C-4 substituent. This trend has also been observed in related compounds prepared in our
laboratory.
Figure 12
This Work Polniaszek Dave Amos
HEt Me
Et H H
N OSit-BuMe 26N4 H N N
3.16 ppm / H R H Et
244 245 3.08-3.24 ppm 247 3.21 ppm
H H
OSit-BuMe 2
N N
R H Et
2.71-2.80 ppm 2.77 ppm
246 248
While we were aware of the possibility that the minor product was the undesired
diastereomer, we were puzzled since all of our previous work suggested that the alkylation
/reductive decyanation sequence proceeded with excellent diastereoselectivity (>95:5). We
conclusively identified the minor product as the undesired diastereomer via the chemical
correlation experiments shown in Schemes 32 and 33. We synthesized both diastereomers (249
and 250) of the propyl derivative via alkylation/reductive decyanation and Bruylants reactions.
Quinolizidine 213 was then converted to propyl analogs 250 via a three-step sequence of
173 Polniaszek, R. P.; Belmont, S.E. J. Org. Chem. 1990, 55, 4688-4693. (b) Polniaszek, R. P.; Belmont, S. E. J.
Org. Chem. 1991, 56, 486-4874.
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deprotection, tosylation, and cuprate coupling with LiMe2 Cu. 7 4 Comparison of the spectral data
for the resulting mixture of products to that for the authentic samples of each diastereomer (249
and 250) established the identity of the minor product was the undesired diastereomer at C-4.
Scheme 32
1) LDA
Et Et THF, -78 *C, 2 h EtH n-PrMgBr H n-PrBr H
Et 2 O, -30 *C to rt, 1.5 h - -78 "C, 10 min
N 40% (unoptimized) N 2) NaBH 3CN N
937dN~CH3C AcOH 97 d H93:7 dr' CH3 CN MeCN, rt, 3 h 97:3 dr CHa
249 213 50% (unoptimized) 250
Scheme 33
Et 1) 1M HCI Et Et Et
H THF, rt,1h H LiMe2Cu H
82% = Et20, 0 "C, 2 h;
N2) TsC NEt3  a N N 4  + N4
85:Trs, t, at DMAP 36% (over two steps)85:15 dr DCM, rt, 2 h (unoptimized)
244 251 250 249OSIMe 2t-Bu OTs CH3 85:15 CH3
This was the first example in our group of alkylation and reductive decyanations with
quinolizidines only possessing substituents at the C-1 position. In order to determine if the
reduced diastereoselectivity was a result of the C-1 ethyl substituent, we applied the same
reaction conditions to a-aminonitrile 105 (eq 45). Substituted quinolizidine 252 was obtained as
a 90:10 mixture of diastereomers. In addition, alkylation of cycloadduct 213 with propyl
bromide followed by reductive decyanation afforded 250 with excellent diastereoselectivity
(Scheme 32).
1) LDA
THF, -78 "C, 2 h;
H BrCH2CH 2OSit-BuMe 2 (233) H
= OSit-BuMe 2  -78 *C, 10 min OSit-BuMe 2
N 2) NaBH 3CN, AcOH N (45)
CN MeCN, rt, 3 h 90:10 dr OSlt-BuMe2
105 47% unoptimized yield 252
174 Johnson, C. R.; Dutra, G. A. J. Am. Chem. Soc. 1973, 95, 7777-7782. (b) Johnson, C. R.; Dutra, G. A. J. Am.
Chem. Soc. 1973, 95, 7783-7788
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One plausible explanation for the reduced Figure 13
diastereoselectivity is that the presence of an electron-
withdrawing group on the C-4 substituent destabilizes the +N_ OSiR
intermediate iminium ion in the reductive decyanation j
reaction. This destabilization could lead to the formation of 253
an ion-pair which partially blocks hydride addition from the desired face (Figure 13).m7 We then
evaluated the reductive decyanation reaction under a variety of reaction conditions. We found
that more active reducing agents, such as NaBH 4, were not selective and afforded 214 as a 50:50
mixture of diastereomers at C-4. Lewis acid additives such as AgBF 4 and Zn(OTf)2 were also
employed to promote ionization and dissociation of the cyano group. Negligible improvements
(1-3%) were observed in the diastereoselectivity, and the use of these additives also led to
competitive elimination to afford the dienamine, resulting in lower yields of alkylated
quinolizidine 244. We were able to increase the diastereoselectivity to 95:5 using NaBH(OAc) 3
and AcOH, but obtained the product in lower yield (60%).
Interestingly, we found that simply heating the reductive decyanation reaction mixture
using our standard reagents (NaBH 3CN and AcOH) afforded the desired product (244) in good
yield (74-82%) and with improved diastereoselectivity (88:12 to 91:9 dr) (eq 46). This was
chosen as the optimum protocol since it afforded the highest yield of the desired diastereomer.
1) LDA
Et THF, -78 *C, 2 h Et
H BrCH 2CH2OSit-BuMe2 (233) Et
THF, -78 *C, 30 min
N 2)N (46)
2) NaBH 3CN, AcOH
CN MeCN, 50 *C, 3 h 88:12 to 91:9 dr OSit-BuMe 2
213 74-82% 244
175 For precedent, see: Stork, G. Pure AppL. Chem. 1989, 61, 439-442.
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Diastereoselective Hydrogenation to Set the C-1 Stereocenter
We next turned our attention to setting the stereochemistry of the ethyl group at C-1. We
were disappointed to find that hydrogenation of 244 with PtO2 was not selective and afforded a
40:60 mixture of diastereomers 254 and 255, favoring the undesired isomer 255 (eq 47). In order
to improve the selectivity, we envisioned that protonation of the amine with a sterically
demanding acid in a non-polar solvent might form a tight ion pair capable of blocking the top
face of the alkene from hydrogenation.
Et Et EtH H2 (1 atm), cat. PtO2  H H
toluene, rt, 24 h + (47)
N then 1M HCI N N
THF-toluene, rt 1.5 h
OSit-BuMe2  OH OH
244 254 40:60 255
To this end, we screened a variety of Bronsted acid additives for the hydrogenation. As
shown in Table 11, we discovered several Bronsted acids that had a significant impact on the
diastereoselectivity. Hydrogenation in the presence of a slight excess of commercially available
diphenyl phosphate gave the best diastereoselectivity (entry 7, 85:15 dr). More substituted
derivatives of diphenyl phosphate (128, 260, 261) were also prepared and evaluated, but they
were not as effective as diphenyl phosphate. Interestingly, two carboxylic acids (257 and 258;
entries 4 and 5) showed the opposite selectivity. These results are not immediately explicable
via our ion pair hypothesis, but further optimization may provide an alternative method to
achieve the equatorial stereochemistry at C-1 (as opposed to thermodynamic equilibration
requiring a ketone at C-2; see pp 86-87)
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Table 11
Et AdditiveH PtO2/H2;then 1M HC
N
2 qN OSIt-BuMe2244
Entry Additive Equiv Solvent dr
Et EtHH
+ CN N
OH OH
254 255
Entry Additive Equiv Solvent
I None
2 TFA
3
Os'-0 C
OH
0
Ph2HC OH
Ph3C OH
6 0,
OH
1.2
256 1.2
toluene
toluene
toluene
257 1.2 toluene
258 1.2 toluene
40:60
60:40
60:40
25:75
30:70
1.2 THF 70:30-75:25
259
7 _ OH
2127
8 O OH
2
9 O OH
2 260
10 0Or~ OH
2 261
1.2
1.2
1.05
1.05
THF
toluene
toluene
toluene
1.05 toluene
1.05 toluene
The conditions identified in our screening experiments worked well on a preparative
scale. As shown in Scheme 34, hydrogenation of 244 in the presence of diphenyl phosphate,
followed by deprotection in the same flask, afforded an 85:15 mixture of diastereomers 254 and
255. Purification via column chromatography furnished 254 as a single diastereomer in 50-61%
yield over three steps from cycloadduct 213. The use of diphenyl phosphate not only reverses
the inherent selectivity of the hydrogenation, but it further enhances the diastereoselectivity to
85:15 dr favoring the desired isomer (254). In addition, we were able to separate the undesired
isomers produced in the reductive decyanation and hydrogenation reactions in a single
chromatographic step.
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60:40
75:25
83:17 - 85:15
72:28
77:23
82:18
Scheme 34
Et 1.05 equiv (PhO)2PO2H 85:15 dr @ C-1H H2 (1 atm), cat. Pt0 2  for hydrogenation H
- toluene, rt, 2.5h (before purification)
N then 1M HCI N
THF-toluene, rt 1.5 h
Ht 50-61% overall (3 steps) OH
ca. 90:10 dr H H from cycloadduct 213
OSit-BuMe2 1
244 Pt Surface 254
The relative stereochemistry of alcohol 254 was determined by 1H NMR, '3 C NMR, and
comparison to the spectral data of two analogous compounds, 262 and 263, reported by
Rassat. Peak assignments for our material were made by gCOSY, HSQC, and HMBC NMR
experiments.
The stereochemistry of the hydroxyethyl substituent at C-4 was confirmed by H N NMR
analysis. The equatorial proton attached to C-6 appears at 3.16 ppm which, as discussed
previously, is indicative of an equatorial C-4 substituent. 73
Definitive stereochemical assignment of the C-i ethyl group via analysis of the IH NMR
spectrum alone was not possible. In both 254 and 255, coupling constants for the methine proton
attached to C-i could not be determined since that resonance is located within a complex
multiplet. Resonances for the methyl group appear as triplets at 0.88 ppm for 254 and 0.84 ppm
for 255. While our data for the two diastereomers is similar to the 1H NMR data for Rassat's
analogous compounds, the methyl group of desired diastereomer 254 shows a 0.04 ppm
downfield shift compared to that of 255. This is the opposite trend observed in Rassats
compounds 262 and 263. However, given the small difference in chemical shift (A = 0.03-0.04
ppm) and differences in field strength (500 MHz versus 400 MHz) we were unable to draw any
conclusions based on the 'H NMR data alone.
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Figure 14
Our Synthetic Material Rassat's Synthetic Material
1H: 0.88 ppm 'H: 0.84 ppm 1H: 0.85 ppm 1H: 0.88 ppm
13C:12.4 ppm 13CH 10.6 ppm 13C: 12.1 ppm 1 0.3 ppmCH3  rCH3  CH3  - CH 3 C:1.pm
H 13C: 18.3 ppm H Q1ac: c . 24-25 ppm H 13C: 17.9 ppm H E 13C: ca. 24-25 ppm
N N N N
OH OHN O N i O C IOH N OH
254 255 262 263
Analysis of the 13C NMR data was more informative. The resonance for the methylene
of the ethyl group of 254 appears at 18.3 ppm. For diastereomer 255, the resonance at 18.3 ppm
is absent and the next downfield peak appears at 24 ppm. This is consistent with the observation
that NMR resonances for axial substituents on a six-membered ring will appear upfield relative
to their equatorial analogs. 176 Resonances corresponding to the methyl groups in our synthetic
material are observed at 12.4 ppm for 254 and 10.6 ppm for 255 and are consistent with Rassat's
data for 262 and 263.171 Since the 13C NMR data for 254 and 255 are consistent with general
observations regarding substituted six-membered rings and Rassat's reported data, we were
confident in our stereochemical assignment of 254.
Resolution via Crystallization ofDiastereomeric Salts of 254
In order to obtain enantiopure (-)-2071, we investigated the resolution of alcohol 254.
(R)-(-)-1,1'-Binaphthyl-2,2'-diylphosphoric acid ((R)-BNPA) was chosen as the resolving agent
based on our laboratory's previous success resolving quinolizidine 264 as part of the total
176 Pretsch, E; Btihlmann, P.; Affolter, C. Structure Determination of Organic Compounds. Tables ofSpectral Data
3 rd ed.; Springer: New York, 2000; pp 176-179
177 262 was further elaborated to furnish (±)-quinolizidine 2071 while 263 was further elaborated to furnish (+)-
quinolizidine 233A. In both cases, the synthetic material was identical to the corresponding natural product via GC
co-injection and GC-FTIR.
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synthesis of (-)-quinolizidine 217A156 (Scheme 35) and other literature reports of successful
resolutions of related quinolizidines.178
Scheme 35
1.0 equiv o- sen
MeOH; (R)-(-)-BNPA
recrystallization from MeOH CH2Cl2 / 10% aq NH40H
D- I
264 (50:50 er) 26U26 >8: r~~u.;:v ~5 264 ( 98:2 e )
As discussed previously, we found that the most convenient method to measure the
enantiopurity of our quinolizidine derivatives was IH NMR analysis of the diastereomeric salts
formed upon treatment with (R)-BNPA. Since (R)-BNPA was being used as the resolving agent,
we were able to monitor the enantiopurity directly via 'H NMR of the crystalline solids obtained
from the crystallizations.
Scheme 36
1.0 equiv0,1.0 equiv .
(R)-(-)-BNPA
recrystallization from MeCN CH2Cl2 / 1 M aq NaOH
254 (50:50 er) 266
k,,OH
254 (98:2 er)
52% of theoretical
26% overall yield
178 (a) Imhof, R.; Kyburz, E.; Daly, J. J. J. Med. Chem. 1984, 27, 165-175. (b) Bogeso, K. P.; Arnt, J.; Lundmark,
M.; Sundell, S. J. Med. Chem. 1987, 30, 142-150.
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Treatment of a solution 254 (50:50 er) in MeOH with 1.0 equiv of (R)-BNPA followed
by concentration afforded a white powder (Scheme 36). The 1H NMR spectrum of the salt of
(±)-1 and (R)-BNPA shows two triplets of equal intensity at 0.60 ppm and 0.53 ppm (Figure
15a). Recrystallization from hot MeCN afforded 266 as white crystalline needles. 'H NMR
analysis showed two triplets at 0.81 ppm and 0.74 ppm in a relative ratio of 93:7 favoring the
diastereomer with a triplet at 0.81 ppm (Figure 15b). 179 This material was subjected to a second
crystallization from hot MeCN to afford crystals with a 97:3 er. A second crop of crystals was
obtained from the resulting mother liquor to afford a small (ca. 10%) batch of crystals with a
94:6 er. The two crops of crystals were combined and treated with 1 M aq NaOH to afford (-)-
254 in a 98:2 er (Figure 15c) (52% of theoretical, 26% overall from (±)-254).180
Figure 15
(a) (b) (c)
M11~
0.62 0.56 coo 0,82 0.76 ppm 0.66 0.60 Wm
49 43 7 A*4
As shown in Scheme 37, resolution of enantioenriched alcohol 254 (71:29 er), which was
prepared from the enantioenriched a-amino nitrile generated in the enantioselective
cycloaddition of iminoacetonitrile (214), lead to an increase in both the yield based on the
theoretical recovery and the overall yield of the resolution.
179 The chemical shift of the two triplets of interests can change depending on the concentration of the sample and
the amount of residual MeCN present. In all measurements, the two triplets maintained a separation of 0.07 ppm.
180 We estimate a 1-2% error for the measurements of er via 1H NMR.
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(R)-(-)-BNPA
Recrystallization from MeCN CH2CI2 / 1 M aq NaOH
254 (71:29 er) 254 (>98:2 er)
78% of theoretical
54% overall yield
Endgame
All that remained at this point of the synthesis was oxidation of the primary alcohol and
olefination.18 1 This two step sequence proved far more challenging than we had initially
anticipated. Attempts to use a sequential Swern/Wittig protocol afforded impure quinolizidine
2071 in low yields.
1) Swern
2) Wittig
ca. 50% yield
ca. 90% purity
(47)
254 (50:50 er) (±)-Quinolizidine 2071
Upon further investigation, we observed epimerization of the intermediate aldehyde upon
isolation and handling at room temperature. We rationalized that the epimerization was
occurring via the base promoted retro-Michael/Michael reaction shown in Scheme 38. We
suspected that the excess Et3N used in the Swern oxidation was promoting the epimerization
upon concentration of the organic phase obtained from the workup. In addition, the structure of
aldehyde 267 possesses a tertiary amine which further complicates isolation.
181 Modern Carbonyl Olefination; Takeda, T., Ed.; Wiley-VCH: Weinheim, Germany, 2004.
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Scheme 37
1.0 equiv
EtHt
266
Scheme 38
H Et H Et
N
H H
0 H
H
B: H
267 268
Evaluation of other oxidation methods provided some unexpected results. Alcohol 254
was resistant to oxidation by the Dess-Martin (Dess-Martin periodinane)182,183 and Ley (TPAP-
NMO)18 4 oxidation protocols. While oxidations using TPAP 8 ' or DMP 18 6 have been reported in
the presence of tertiary amines, we were unable to find any examples of substrates containing
1,3-amino alcohols. We next turned our attention back to strategies involving the Swern
oxidation. We decided to employ a Swem oxidation 87 and Peterson olefination sequentially. 88
Our plan was to trap the intermediate aldehyde in situ by the addition of (trimethylsilyl)methyl
magnesium chloride or the analogous organolithium to afford the corresponding p-
hydroxysilane. This would allow us to avoid isolation of the sensitive aldehyde.
Our preliminary experiments applied the Johnson-modified Peterson olefination
conditions using the organocerium reagent derived from (trimethylsilyl)methyllithium and
182 (a) Dess, D. B.; Martin, J. C. J. Am. Chem. 1991, 113, 7277-7287. (b) For a review of the use of hypervalent
iodine reagents for the oxidation of alcohols, see: Tohma, H.; Kita, Y. Adv. Synth. Catal. 2004, 346, 111-124.
183 For reviewsof the use of hypervalent iodine reagents for the oxidation of alcohols, see: (a) Tohma, H.; Kita, Y.
Adv. Synth. Catal. 2004, 346, 111-124. (b) Zhdankin, V. V. ARKIVOC 2006, 9, 26-58. (c) Zhdankin, V. V. J. Org.
Chem. 2011, 76, 1185-1197.
184 For a review of the Ley oxidation, see: Ley, S. V.; Norman, J.; Griffith, W. P.; Marsden, S. P. Synthesis 1994,
639-666.
185 For examples with of oxidations with TPAP in the presence of tertiary amines, see: Ref. 184. In addition, a
byproduct of the oxidation is N-methylmorpholine, a teriary amine
186 For selected examples, see: Jeong, J. H.; Weinreb, S. M. Org. Lett. 2006, 8, 2309-2312. (b) Dounay, A. B.;
Humphreys, P. G.; Overman, L. E.; Wrobleski, A. D. J. Am. Chem. Soc. 2008, 130, 5368-5377.
187 For reviews, see: (a) Tidwell, T. T. Synthesis, 1990, 857-870. (b) Tidwell, T. T. Org. React. 1990, 39, 297-572.
188 For reviews, see: (a) Ager, D. J. Synthesis 1984, 384-608. (b) Ager, D. J. Org. React. 1990, 38, 1-223. (c) van
Staden, L. F.; Gravestock, D.; Ager, D. J. Chem. Soc. Rev. 2002, 31, 195-200. (d) Ref 181.
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CeCl3.89 We had hoped that employing the less basic organocerium reagent would prevent
epimerization at C-4 during the reaction. In an early experiment, quinolizidine 2071 was
obtained in excellent (ca. 90%) yield. However, this result proved extremely difficult to
reproduce, and the protocol often furnished the natural product in low and variable yield.
H 1) Swern; TMSCH 2Li/CeCI3  H
2) H2SO4
N <50% N (48)
OH
254 (50:50 er) (t)-Quinolizidine 2071
After extensive experimentation, we identified conditions for the tandem Swem
oxidation/Peterson olefination. Swern oxidation of alcohol 254 followed by the addition of
(trimethylsilyl)methyl magnesium chloride afforded a 1:1 mixture of p-hydroxysilane
diastereomers which were used without purification (Scheme 39). Exposure of crude $-
hydroxysilanes to H2 SO 4 in THF afforded quinolizidine 2071. In order to obtain analytically
pure samples of the natural product, it was necessary to isolate and purify quinolizidine 2071 as
the HCl salt. The three-step sequence afforded (-)-quinolizidine 2071 hydrochloride in good
yield (60-67% from alcohol 254). Quinolizidine 2071 can be obtained from the hydrochloride
salt in nearly quantitative yield (95-99%) by washing with aqueous base and extraction with
diethyl ether.
1 89 Johnson, C. R.; Tait, B. D. J. Org. Chem. 1987, 52, 281-283.
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Scheme 39
1) (COC) 2, DMSO; NEt3
H DCM-THF, -78 *C, 15 min; H
Me3SiCH 2MgCI, 0 *C, 1 h
N N*2) conc H2SO4, THF, rt, 2 h I
OH 3) 3 M HCI, MeOH C-H
60-67% yield overall
254 (50:50 er) (±)-Quinolizidine 2071 hydrocloride
254 (>98:2 er) (-)-Quinolzidine 2071 hydrochloride (99:1 er)
Characterization of 2071 and Determination of Enantiopurity
Analysis of 'H, 13C, gCOSY, HSQC, and HMBC NMR data confirmed the identity of our
synthetic material as (-)-quinolizidine 2071. In addition, we compared our spectral data to data
reported for 2071 by Toyooka and by Rassat, as well as Toyooka's data for C-1-epi-2071 (Tables
1 and 2). Rassat established the identity of his synthetic material as (±)-2071 by comparison of
GC-FTIR data and by GC co-injection with the natural product. Toyooka confirms the identity
of his synthetic material as (+)-2071 by GC-coinjection with both synthetic (±)-2071 and natural
(-)-2071.
As with alcohol 254, the coupling constants for the C-1 Figure 16
methine were obscured within a complex multiplet. However, CH 3 c:12.8 ppm
H 13C:18.7 ppm
we were able to confirm the C-i ethyl stereochemistry by
N 4
analysis of the 13 C NMR data. 13 C NMR resonances appear at IH: 3.31 p
1H .1ppm H /
12.8 ppm for the methyl and 18.7 ppm for the methylene Quinolzidine 2071
carbons of the ethyl group. This is consistent with an axial ethyl group. We were confident the
stereochemistry of the C-4 allyl group was correct due to the 1H NMR peak at 3.31 ppm. As
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discussed previously, the equatorial C-6 proton is shifted downfield to ca. 3 ppm when there is
an equatorial substituent at C-4.
Tables 12 and 13 show a comparison of our spectral data against synthetic 2071 prepared
by Toyooka and Rassat respectively. Based on the strong correlation between our spectral data
and that previously reported in the literature we are confident our material is 2071.
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Table 12
12
11
8 2
10
8 
 1 
2
7 N 4 3
6
13/1
14
This Work (+)-2071 - Toyooka (+)-2071 - Rassat 1-epi-2071 Toyooka
(500 MHz, CDC 3) (500 MHz, CDC13) (400 MHz, CDCl3) (500 MHz, CDC 3 )
Atom 6 J 6 J 6 J
12 0.84 t, J= 7.5 Hz 0.87 t, J= 7.3 Hz 0.88 tJ= 7.5 Hz 0.83 d, J =8.0 Hz, 3 H
2,3,6,7, 1.18-1.64 m 1.25-1.66 br m 1.20-1.83 m 0.99 qd, J=12.0, 4.0 Hz, 1 H
8 1.70 app d, J= 12.5 Hz 1.73 dm, J= 12 Hz -- -- 1.04-1.13 m, 1 H
2 1.76 dq, J= 10, 2.5 Hz -- -- -- -- 1.14-1.25 m, 3 H
4 1.85 dddd, J= 7.0, 7.0, 1.88 br m 1.85-1.93 m 1.36 qm, J=14.0 Hz, I H
7.5, 3.5 Hz
10 1.93 dt, J= 11.5, 2.0 Hz 1.96 d-like, J= 11 1.97 ddd, 1.47-1.65 brim,4H
Hz J= 11.4, 2.6, 2.6 Hz
13 2.10-2.15 m 2.15 m 2.12-2.22 m 1.67-1.77 m,4H
13 2.40 dm, J= 14.5 Hz 2.42 dm, J= 12 Hz 2.44 dddd, 1.90-1.97 m, 2 H
J= 14.2, 6.5, 3.2, 1.6,
1.6 Hz
6 3.31 app d, J= 11.5Hz 3.33 dm J= 11 Hz 3.32-3.38 m 2.14 dtt-like,J= 14.0,7.2, 1.0
Hz, 1 H
15 4.99-5.03 m 5.03 m,2H 5.02-5.09 m 2.41 dm, J=14.0 Hz, 1 H
14 5.81 dddd, 5.83 m, 1H 5.85 dddd, 3.28 dm, J=11.0 Hz, I H
J= 17.0, 10.0, 7.5, J= 17.0, 10.3,7.5,
6.5 Hz 6.7 Hz
-- 
-- 
-- -- -- -- -- 4.99-5.05 m, 2 H
- ----- 
- - -- 5.77-5.85 in, 1 H
Table 13
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11
8 ~ 2
10
S N 4  3
13 15
14
This Work"9 0  (+)-2071 (±)-2071 C-1-epi-2071Toyooka 91  Rassat192  Toyooka'9 1
Atom 8 8 S
12 12.8
11
8
3 or 7
3 or 7
2
9
18.7
25.3
26.5
26.6
27.4
31.3
13 38.6
40.8
53.3
64.4
10 67.0
14 136.5 136.4 136.2 136.3
190 Referenced CDCl 3 residual peak to 77.23 ppm
191 Referenced CDCl 3 residual peak to 77.0 ppm192 Referenced CDCl3 residual peak to 77.0 ppm
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12.5
18.5
25.1
26.3
26.3
27.2
31.1
38.4
40.6
53.1
64.2
66.8
12.4
18.4
25.0
26.2
26.3
27.1
31.0
38.3
40.6
53.0
64.1
66.7
10.4
24.6
25.0
26.1
29.4
29.8
31.3
38.8
41.9
51.7
62.8
67.4
Determination of Enantiopurity
Our synthetic material gave an optical rotation of [a]25 D -60.5 (c 0.44, CHCl3), which is
the correct sign, but does not agree with Toyooka's reported data for (+)-2071 ([a] 2 6D +29.5 (c
0.44, CHCl3). We first analyzed the enantiopurity of our synthetic material via 'H NMR of the
salt formed upon treatment with 1.2 equiv of (R)-BNPA. Racemic 2071 showed two doublets of
equal intensity at 2.64 and 2.58 ppm (Figure 17a), while our enantiopure material only showed
one doublet at 2.58 (Figure 17b).
Figure 17
(a) (b)
V
We were confident that the enantiopurity was at least 98:2 er, but we were concerned that
the concentration of the minor enantiomer was below the detection limit of the spectrometer. We
were able to confirm the enantiopurity of our material by chiral-GC. The chromatogramn for (±)-
207I shows two equal intensity peaks with retention times of 15.31 and 15.56 min, while the
chromatogram for our synthetic (-)-207I shows peaks at 15.35 and 15.56 min which integrate to
a 1:99 ratio, thereby establishing the enantiopurity of our synthetic material.
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Summary
In conclusion, application of an enantioselective intramolecular [4 + 2] cycloaddition of
an iminoacetonitrile facilitated the efficient total synthesis of (-)-quinolizidine 2071 in 12 steps.
In addition to the enantioselective cycloaddition, the counterion-directed hydrogenation
demonstrates the ability of our methodology to access natural products with the p-
stereochemistry. The combination of an enantioselective cycloaddition with a resolution allowed
for rapid access to significant quantities of the natural product in enantiopure form.
Concluding Remarks
This thesis describes the development of catalytic and enantioselective intramolecular
cycloadditions of iminoacetonitriles. These cycloadditions represent the first examples of
enantioselective intramolecular Diels-Alder reactions of imino dienophiles and they are capable
of producing a variety of quinolizidines in good yield and enantioselectivity. The ability to
efficiently synthesize enantioenriched/enantiopure quinolizidine and indolizidine a-amino
nitriles makes this an attractive strategy for the synthesis of natural products. Efforts are
underway in our laboratory to apply the enantioselective cycloadditions to the synthesis of other
natural products and to develop enantioselective intermolecular cycloadditions of
iminoacetonitriles.
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Part IV
Experimental Procedures
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General Experimental Procedures
General Procedures. All reactions were performed in flame-dried or oven-dried
glassware under a positive pressure of argon. Reactions were magnetically stirred unless
otherwise indicated. Air- and moisture-sensitive liquids and solutions were transferred by
syringe or cannula and introduced into reaction vessels through rubber septa. Reaction product
solutions and chromatography fractions were concentrated by rotary evaporation at ca. 20 mmHg
and then at 0.1 mmHg (vacuum pump) unless otherwise indicated. Thin phase chromatography
was performed on EMD precoated glass-backed silica gel 60 F-254 0.25 mm plates. Column
chromatography was performed on Sorbet Technologies Standard Grade silica gel 60 (230-400
mesh) or on EMD Chromatographic Grade basic alumina (80-325 mesh).
Materials. Commercial grade reagents and solvents were used without further
purification except as indicated below. Dichloromethane, diethyl ether, and tetrahydrofuran
were purified by pressure filtration through activated alumina. Toluene was purified by pressure
filtration through activated alumina and Cu(II) oxide. Acetonitrile, triethylamine, and
diisopropylamine, were distilled under argon from calcium hydride. Methanesulfonyl chloride,
thionyl chloride, and pinacolborane were distilled neat prior to use. 3-(Trimethylsilyl)-2-propyn-
1-ol was prepared via previously reported method.193 CuBr was prepared from CuBr 2 using the
method of Townsend.194 CuBr and LiBr were both dried under vacuum (0.1 mmHg) at 120 *C
for 24 h before use.195 9-BBN was purchased from Aldrich Chemical Co., Inc., or prepared via
193 Davidson, E. C., Forbes, I. T., Holmes, A. B., Warnder, J. A., Tetrahedron 1996, 52, 11601-11624.194(a) Theis, A. B.; Townsend, C. A. Synth. Comm. 1981, 11, 157-166. b) Taylor, R. J. K. Organocopper Reagents:
A Practical Approach; Oxford University Press: New York, 1984; pp. 3 8-39
195 After drying, sieves were stored in a 160 'C oven for up to two months without any noticeable effect on the
reaction.
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196the method reported by Soderquist and recrystallized from 1,2-dimethoxyethane prior to use .
2-Bromo-1-(tert-butyldimethylsiloxy)ethane was prepared from 2-bromoethanol using a
previously reported method. 197  Methyl lithium and n-butyllithium were titrated in
tetrahydrofuran with BHT using 1,10-phenanthroline as the indicator.1 98  Schwartz reagent
(Cp 2ZrHCl) was prepared via the method reported by Buchwald.199
Deactivated alumina was prepared by first generating Brockman I grade by heating 150 g
of alumina to 250 *C under vacuum (0.050 mm Hg) for 12-18 h then cooling under Ar. The
alumina was then transferred to a 500-mL Erlenmeyer with a screw cap and the requisite amount
of water was then added to obtain the desired grade (grade II: 3%; grade III: 6%; grade IV: 10%;
grade V: 15% w/w water). The alumina was then vigorously shaken for 10-15 until a free
flowing powder was obtained. The powder was allowed to stand at rt for 24 h with occasional
mixing prior to use.
Instrumentation. Melting points were determined with a Fisher-Johns melting point
apparatus and are uncorrected. Ozonolysis was performed using a Welsbach Ozone machine
with an ozone flow rate of ca. 2.75 mmol/3 min. Infrared spectra were obtained using a Perkin
Elmer 2000 FT-IR spectrophotometer. 1H NMR spectra were recorded on Varian XL-300 (300
MHz), Varian Inova 500 (500 MHz), and Bruker Avance-400 (400 MHz) spectrometers. 'H
NMR chemical shifts are expressed in parts per million (6) downfield from tetramethylsilane
(with the CHCl 3 peak at 7.27 ppm used as a standard). 13C NMR spectra were recorded on
Varian XL-300 (75 MHz), Varian Inova 500 (125 MHz), and Bruker Avance-400 (100 MHz)
196 Soderquist, J. A., A. Negron, Org. Syn. 1992, 70, 169-173 and references therein.
197 Vader, J.; Sengers, H. Tetrahedron 1989, 45,2131-2142.
198 (a) Watson, S. C.; Eastham, J. F. J. Organomet. Chem. 1967, 9, 165-168. (b) Ellison, R. A.; Griffin, R.;
Kotsonis, F. N. J. Organomet. Chem. 1972, 36, 209-213.
199 Buchwald, S. L.; La Maire, S. J.; Nielsen, R. B.; Watson, B. T.; King, Susan, M. Org. Synth. 1993, 71, 77-80.
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spectrometers. 13C NMR chemical shifts are expressed in parts per million (6) downfield from
tetramethylsilane (with the central peak of CHCl3 at 77.23 ppm used as a standard). 3 1P NMR
were recorded on Varian XL-300 (120 MHz) spectrometer. 31P NMR chemical shifts are
expressed in parts per million (6) downfield from an external 85% H3PO4 standrard (0.0 ppm).
High resolution mass spectra (HRMS) were measured on a Bruker Daltonics APEXII 3 telsa
Fourier transform mass spectrometer. Elemental analyses were performed by Complete Analysis
Laboratories, Inc.: Microanalytical Division of Parsippany, NJ. HPLC analyses were carried out
on an Agilent 1100 series system with Daicel Chiralpak* columns in hexane/isopropanol
mixtures.
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Experimental Procedures for the Acid-Catalyzed
Cycloadditions of Iminoacetonitriles
128
H
OSit-BuMe2  OSit-BuMe2
C N
105 10 6 CN
2-(tert-Butyldimethylsiloxymethyl)-cis-1,2-didehydro-4-cyanoquinolizidine
(106).200,201
General Procedure for the Cycloaddition of Iminoacetonitriles Without the Use of 4 A
Molecular Sieves. Method A. A 25-mL, two-necked, round-bottomed flask equipped with an
argon inlet adapter and rubber septum was charged with a solution of iminoacetonitrile 105202
(0.114 g, 0.372 mmol) in 3 mL of CH 2Cl2. The resulting solution was cooled at 0 'C while a
solution of methanesulfonic acid (0.59 M in CH 2Cl2 , 0.630 mL, 0.371 mmol, 1.0 equiv) was
added dropwise via syringe over 1 min. The reaction mixture was allowed to warm to rt, stirred
at rt for 15 min, and then diluted with 20 mL of CH 2Cl 2 and 20 mL of satd aq NaHCO 3 solution.
The aqueous phase was separated and extracted with three 20-mL portion of CH2Cl 2, and the
combined organic phases were washed with 20 mL of satd aq NaCl solution, dried over MgSO 4 ,
filtered, and concentrated to afford 0.108 g of a yellow oil.
A 25-mL, pear-shaped flask equipped with a reflux condenser fitted with a rubber septum
and argon inlet needle was charged with a solution of the amino nitrile prepared above in 5 mL
of CH 3CN. The solution was stirred at 50 'C for 2 h, allowed to cool to rt, and concentrated to
afford an orange oil. Purification via column chromatography on 10 g of Et3N-deactivated silica
200 For the preparation of 106 via a cycloaddition promoted under thermal conditions, see: Amos, D. T. Ph. D.
Thesis, Massachusetts Institute of Technology, June 2003; pp 211-212.
201 For the preparation of 106 by a cycloaddition promoted by one equivalent of MsOH, see: Maloney, Kevin. Ph. D.
Thesis, June 2007; pp 161-162.
202 For preparation of 105, see: Ref 200; pp 195-210
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gel (elution with 1% Et3N/10% EtOAc-hexanes) afforded 0.094 g (83%) of 106 as a yellow oil
with spectral data consistent with that reported previously (vida infra).
General Procedure for the Cycloaddition of Iminoacetonitriles (Acid-Catalyzed
Cycloaddition). Method B. A 100-mL, threaded Pyrex tube (35 mm O.D.; 30 mm I.D.)
equipped with a rubber septum and argon inlet needle was charged with a solution of
iminoacetonitrile 105 (0.150 g, 0.489 mmol) in 25 mL of CH 2Cl 2 . A solution of methanesulfonic
acid (0.30 M in CH 2Cl2 , 0.330 mL, 0.090 mmol, 0.20 equiv) was added dropwise via syringe
over 1 min. The rubber septum and inlet needle were replaced with a threaded Teflon cap and
the reaction mixture was stirred at rt for 24 h. The reaction mixture was diluted with 20 mL of
CH 2Cl2 and 20 mL of satd aq NaHCO3 solution, and the aqueous phase was separated and
extracted with three 20-mL portions of CH 2Cl 2 . The combined organic phases were washed with
20 mL of satd aq NaCl solution, dried over MgSO 4, filtered, and concentrated to afford 0.178 g
of an orange oil.
A 25-mL, pear-shaped flask equipped with a reflux condenser fitted with an argon inlet
adapter was charged with a solution of the amino nitrile prepared above in 5 mL of CH 3CN. The
solution was stirred at 50 *C for 1 h, allowed to cool to rt, and concentrated to afford an orange
oil. Purification via column chromatography on 10 g of Et 3N-deactivated silica gel (elution with
1% Et3N/10% EtOAc-hexanes) afforded 0.119 g (79%) of 106 as a yellow oil with spectral data
consistent with that reported previously: IR (film): 2934, 2856, 2807, 2767, 2222, 1471, 1462,
1388, 1360, 1326, 1289, 1256, 1229 cm-1; 'H NMR (500 MHz, CDCl 3) S 5.47 (s, 1 H), 4.06 (s, 2
H), 3.85 (d, J= 6.4 Hz, 1 H), 2.84 (dd, J= 11.6, 1.6 Hz, 1 H), 2.76 (dd, J= 11.0, 2.0 Hz, 1 H),
2.64-2.70 (m, 1 H), 2.51 (dt, J= 3.1, 11.6 Hz, 1 H), 2.24 (d, J= 17.1 Hz, 1 H), 1.70-1.84 (m, 3
H), 1.63 (app tq, J= 4.1, 12.2 Hz, 1 H), 1.42 (app tq, J= 4.0, 12.8 Hz, 1 H), 1.30 (app dq, J=
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3.4, 11.6 Hz, 1 H), 0.93 (s, 9 H), 0.09 (s, 6 H); 13C NMR (125 MHz, CDC13) 6 131.9, 124.2,
117.0, 65.9, 56.6, 54.0, 52.3, 32.0, 29.8, 26.0, 25.9, 24.7, 18.5, -5.1; Anal. Calcd for
C17H3 0N2OSi: C, 66.61; H, 9.87; N, 9.14. Found: C, 66.43; H, 10.05; N, 9.28.
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H N OSit-BuMe 2
N
NC 106 C
I A
4.I II. I.I 2.8 I2T III I I
4.0 3.6 3.2 2.8 2.4 2.0 1.6 ppm
.. ....... .. ... .I -.... .-... -..... - .- ---.-.-.-.--.-.
10 9 8 7 6 5
1.43
1.00
4 3 2 1 ppm
2.13
1.02
0.99.06 0.99
1.05.09
2.49
4.18 8.83
4.92
Experimental Procedures for the
Synthesis of Iminoacetonitriles
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OH _ I OSit-BuPh2
256 150
1-(tert-Butyldiphenylsiloxy)-2-iodo-2-propene (150). A 50-mL, two-necked, round-
bottomed flask equipped with a rubber septum and argon inlet adapter was charged with
imidazole (1.76 g, 25.9 mmol, 1.5 equiv) and a solution of vinyl iodide 256203 (3.17 g, 17.3
mmol, 1.0 equiv) in 60 mL of CH2Cl 2 . The solution was cooled at 0 'C while tert-
butyldiphenylchlorosilane (5.4 mL, 5.7 g, 21 mmol, 1.2 equiv) was added dropwise via syringe
over 5 min. The resulting mixture was stirred at 0 'C for 1 h and then diluted with 150 mL of
ether and 100 mL of water. The aqueous phase was separated and extracted with three 50-mL
portions of ether and the combined organic phases were washed with 100 mL of satd NaCl
solution, dried over MgSO 4, filtered, and concentrated to afford 8.09 g of a colorless oil.
Column chromatography on 200 g of silica gel (elution with 2% EtOAc-hexanes) provided 6.57
g (90%) of 150 as a colorless oil. IR (neat) 3071, 3050, 3000, 2959, 2930, 2891, 2857, 1626,
1472, 1428, 1392, 1159, 1132, 1113, 1080, 1007, 899, 825, 740, and 701 cm-1; 1H NMR (500
MHz, CDC 3) 6 7.67-7.69 (m, 4 H), 7.39-7.47 (m, 6 H), 6.57 (td, J= 2.0, 1.8 Hz, 1.0 H), 5.87
(app q, J = 1.5 Hz, 1 H), 4.21 (app t, J = 1.5 Hz, 2 H), 1.09 (s, 9 H); 13C NMR (125 MHz,
CDC 3) 6 135.7, 133.2, 130.1, 128.0, 123.5, 109.0, 71.5, 27.0, 19.5; HRMS (DART) m/z [M+H]+
caled for C19H23 IOSi: 423.0631, found: 423.0650.
203 For the preparation of 150a, see: (a) Lai, M.; Li, D.; Oh, E.; Liu, H. J. Am. Chem. Soc. 1993, 115, 1619-1628. (b)
Ref.200; pp 197-198.
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OSit-BuPh2
150
6.61 6.57 ppm 5.88 ppm 4.25 4.20 ppm
, : I................................. .... . . . . . . . .
............................
10 9 a 7 6 5 4 3 2 1PPM
3.70 1.91
5.50
8.421.01
1.02 2.00
NC OSit-BuPh2
150
0or1~C1
>1,
M--- -8 N-,-00 Mlm N W o nwauis nmaa .-IP.. .ns n1a..
200 180 160 140 120 100 80 60 40 20 ppm
OH 07: t-Bu
141 142
2,2-Dimethylpropionic acid 5-hexynyl ester (142).204 A 250-mL, three-necked, round-
bottomed flask equipped with a two rubber septa and an argon inlet adapter was charged with
DMAP (0.622 g, 5.10 mmol, 0.1 equiv), 100 mL of CH 2Cl2, 5-hexyn-1-ol (141) (5.00 g, 51.0
mmol, 1.0 equiv), and pyridine (12.3 mL, 12.1 g, 153 mmol). Pivaloyl chloride (7.5 mL, 7.4 g,
61 mmol) was then added dropwise over 5 min via syringe, and the resulting solution was stirred
at rt for 2 h. The reaction mixture was diluted with 200 mL of ether and 100 mL of 1 M aq HCl
solution. The organic layer was separated and washed with two 50-mL portions of satd aq
NaHCO 3 solution, washed with 60 mL of brine, dried over MgS04, filtered, and concentrated to
give ca. 10 g of a colorless oil. A solution of this material in 100 mL of CH 2Cl2 was deposited
onto 10 g of silica gel and the resulting free flowing powder was transferred to the top of a
column of 150 g of silica gel. Gradient elution with 2.5-5% EtOAc-hexanes) provided 8.77 g
(94%) of 142 as a colorless oil with spectra consistent with that reported previously: IR (film):
2959, 2872, 2118, 1728, 1481, 1459, 1398, 1366, 1284 cm-1; 1H NMR (500 MHz, CDCl 3) &
4.05 (t, J= 6.3 Hz, 2 H), 2.21 (dt, J= 7.0, 2.8 Hz, 2 H), 1.94 (t, J= 2.6 Hz, 1 H), 1.71-1.76 (m, 2
H), 1.54-1.61 (m, 2 H) 1.17 (s, 9 H); 13C NMR (75 MHz, CDCl3) 5 178.7, 84.0, 68.9, 63.9,
38.9, 27.8, 27.3, 25.1, 18.2; HRMS (m/z) [M+Na]f calcd for CIIH 1 O2Na, 205.1204; found,
205.1209.
204 This compound has been previously prepared by Dave Amos via the same procedure. This run is on larger scale
and is included for completeness. See: Ref.200; pg 199-200.
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(5E)-2,2-Dimethylpropanoic acid 6-(4,4,5,5-tetramethyl-1,3,2,-dioxaborolan-2-yl)-5-
hexenyl ester (143). A 200-mL, recovery flask equipped with a rubber septum, argon inlet
needle, and thermocouple probe was charged with a solution of alkyne 142 (5.10 g, 28.0 mmol)
in 80 mL of CH 2Cl 2 . The solution was cooled at 0 'C while a solution of Br2BH-SMe 2 (1.0 M in
CH 2Cl2, 37.0 mL, 37.0 mmol, 1.3 equiv) was added dropwise via syringe at a rate such that the
internal temperature did not rise above +10 *C (ca. 15 min). The reaction mixture was allowed
to warm to rt over 25 min and then stirred at rt for 20 h.
A 500-mL, three-necked, round-bottomed flask equipped with two rubber septa, an argon
inlet adapter, and thermocouple probe was charged with a solution of pinacol (4.37 g, 37.0
mmol, 1.3 equiv) in 80 mL of CH2Cl 2 . The resulting solution was cooled at -78 'C while the
solution of the dibromoboronate prepared above was added dropwise via cannula at a rate such
that the internal temperature did not rise above -65 'C (ca. 40 min). The reaction mixture was
allowed to warm to rt over 1 h, stirred at rt for 1 h, and then diluted with 100 mL of satd aq
NaHCO 3 solution. The resulting biphasic mixture was vigorously stirred at rt for 5 min and then
the aqueous phase was separated and extracted with three 50-mL portions of CH2Cl 2. The
combined organic phases were washed with 100 mL of satd aq NaCl solution, dried over
MgSO 4, filtered, and concentrated onto 10 g of silica gel. The resulting free flowing powder was
transferred to the top of a column of 200 g of silica gel. Elution with 5% EtOAc-hexanes
afforded 6.18 g (71%) of 143 as a colorless oil: IR (neat) 2978, 1730, 1640, 1481, 1460, 1399,
1363, 1321, 1285, 1148, 998, 972, and 850 cm-1; IH NMR (500 MHz. CDC13) 6 6.62 (dt, J =
18.0, 6.5 Hz, 1 H), 5.45 (dt, J= 18.0 Hz, 1.0 Hz, 1 H), 4.05 (t, J= 6.5 Hz, 2 H), 2.17-2.23 (m, 2
139
H), 1.62-1.68 (m, 2 H), 1.47-1.53 (m, 2 H), 1.27 (s, 12 H), 1.20 (s, 9 H); 13 C NMR (125 MHz,
CDC13) 6 178.8, 153.9, 119.2 (br s), 83.2, 64.3, 38.9, 35.4, 28.3, 27.4, 25.0, 24.8; HRMS (ESI)
m/z [M+H]* calcd for C17H3 1BO 4 : 311.2402, found: 311.2407.
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7-(tert-Butyldiphenylsiloxymethyl)-1-trimethylacetoxy-(E)-5,7-octadiene (151). A
100-mL, round-bottomed flask equipped with a rubber septum and argon inlet needle was
charged with boronic ester 143 (5.51 g, 17.8 mmol, 1.2 equiv), a solution of vinyl iodide 150
(6.45 g, 15.3 mmol, 1.0 equiv) in 40 mL of THF, PdCl 2dppf-CH2Cl2 (0.122 g, 0.160 mmol, 0.01
equiv), and 16 mL of a 3 M aq NaOH solution (48 mmol, 3.1 equiv). The resulting orange
mixture was stirred at rt for 2 h and then diluted with 100 mL of ether and 50 mL of water. The
aqueous phase was separated and extracted with three 40-mL portions of ether and the combined
organic phases were washed with 80 mL of satd aq NaCl solution, dried over MgSO 4 , filtered,
and concentrated to give ca. 8 g of a dark orange oil. A solution of this material in 100 mL of
CH 2Cl2 was deposited onto 20 g of silica gel and the resulting free flowing powder was
transferred to the top of a column of 200 g of silica gel. Elution with 2% EtOAc-hexanes
afforded 6.92 g (95%) of 151 as a colorless oil: IR (neat) 3050, 3072, 2958, 2932, 2858, 1729,
1473, 1462, 1428, 1391, 1363, 1284, 1155, 1113, 967, 822, 741, and 703 cm~1; 'H NMR (500
MHz, CDC13 ) 6 7.70-7.72 (m, 4 H), 7.38-7.46 (m, 6 H), 6.08 (d, J = 16.0 Hz, 1 H), 5.49 (dt, J=
16.0, 7.0 Hz, 1 H), 5.37 (d, J = 1.5 Hz, 1 H), 5.07 (s, 1 H), 4.36 (s, 2 H), 4.03 (t, J= 6.5 Hz, 2
H), 2.08 (q, J = 7.0 Hz, 2 H), 1.58-1.64 (m, 2 H), 1.39-1.45 (m, 2 H), 1.19 (s, 9 H), 1.08 (s, 9 H);
13 C NMR (125 MHz, CDCl 3) 6 178.8, 144.5, 135.7, 133.8, 130.3, 129.8, 129.6, 127.9, 112.9,
64.4, 63.8, 38.9, 32.8, 28.3, 27.4, 27.0, 25.8, 19.5; HRMS (ESI) m/z [M+H]* calcd for
C30H42O3Si: 479.2976, found: 479.2986.
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151 152
7-(tert-Butyldiphenylsiloxymethyl)-(E)-5,7-octadiene (152). A 100-mL, three-necked,
round-bottomed flask equipped with two rubber septa, thermocouple probe, and argon inlet
adapter was charged with a solution of pivalate ester 151 (7.51 g, 15.7 mmol, 1.0 equiv) in 50
mL of CH 2Cl 2. The flask was cooled at -78 'C while a solution of DIBAL (1.0 M in hexanes,
34.5 mL, 34.5 mmol, 2.2 equiv) was added dropwise via syringe over 10 min (during which time
the internal temperature rose to ca. -70 'C). The reaction mixture was stirred at -78 'C for 2 h
and then diluted with 75 mL of satd aq Rochelle's salt solution. The resulting gelatinous mixture
was allowed to warm to rt over 30 min and then stirred at rt for 2 h. The resulting biphasic
mixture was diluted with 80 mL of CH2Cl 2 and 80 mL of water, and the aqueous phase was
separated and extracted with three 100-mL portions of CH 2Cl 2. The combined organic phases
were washed with 150 mL of satd NaCl solution, dried over MgSO 4, filtered, and concentrated to
afford 7.7 g of a colorless oil. A solution of this material in 100 mL of CH 2C12 was deposited
onto 20 g of silica gel and the resulting free-flowing powder was transferred to the top of a of
200 g of silica gel. Gradient elution with 10-30% EtOAc-hexanes afforded 5.85 g (95%) of 152
as a colorless oil: IR (neat) 3340, 3071, 3049, 2932, 2858, 1472, 1428, 1390, 1362, 1112, 966,
823, 741, and 703 cm'; IH NMR (500 MHz, CDCl3) 6 7.72-7.73 (m, 4 H), 7.39-7.47 (m, 6 H),
6.10 (d, J= 16.0 Hz, 1 H), 5.55 (dt, J= 16.0, 7.0 Hz, 1 H), 5.39 (s, 1 H), 5.08 (s, 1 H), 4.38 (s, 2
H), 3.63 (t, J= 6.5 Hz, 2 H), 2.09 (app q, J= 7.5 Hz, 2 H), 1.53-1.59 (m, 2 H), 1.41-1.47 (m, 2
H), 1.31 (br s, 1 H), 1.09 (s, 9H); 13C NMR (125 MHz, CDCl3 ) 6 144.5, 135.7, 133.8, 130.1,
129.84, 129.75, 127.9, 112.8, 63.8, 63.0, 33.0, 32.4, 27.0, 25.5, 19.5; HRMS (ESI) m/z [M+Na]*
calcd for C25H340 2Si: 417.2220, found: 417.2235.
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N-(Cyanomethyl)-N-(7-(tert-butyldiphenylsiloxymethyl)-(E)-5,7-octadienyl)-
trifluoromethanesulfonamide (164). A 50-mL, two-necked, round-bottomed flask equipped
with an argon inlet adapter and rubber septum was charged with alcohol 152 (2.15 g, 5.45 mmol,
1.0 equiv), HN(Tf)CH 2CN (1.13 g, 5.99 mmol, 1.1 equiv), 20 mL of THF, and PPh 3 (1.71 g,
6.54 mmol, 1.2 equiv). DIAD (1.29 mL, 1.32 g, 6.54 mmol, 1.2 equiv) was added dropwise via
syringe over 4 min and the reaction mixture was stirred at rt for 1.5 h and then concentrated to
give 6.5 g of a yellow oil. A solution of this material in 30 mL of CH 2Cl 2 was deposited onto 10
g of silica gel and transferred to the top of a column of 55 g of silica gel. Gradient elution with
10-20% EtOAc-hexanes provided 2.89 g (94%) of 164 as a viscous, colorless oil: IR (neat) 3072,
2933, 2859, 1651, 1611, 1590, 1472, 1428, 1399, 1361, 1231, 1200, 1144, 1113, 967, 908, 822,
784, 739, 704, and 615 cm-1; 'H NMR (500 MHz, CDCl3) 6 7.73-7.75 (m, 4 H), 7.41-7.49 (m, 6
H), 6.13 (d, J= 16.0 Hz, 1 H), 5.54 (dt, J= 16.0, 7.0 Hz, 1 H), 5.43 (d, J= 1.5 Hz, 1 H), 5.12 (s,
1 H), 4.40 (s, 2 H), 4.27 (br s, 2 H), 3.53 (br s, 2 H), 2.14 (app q, J= 6.5 Hz, 2 H), 1.69 (quint, J
= 7.5 Hz, 2 H), 1.42-1.48 (m, 2 H), 1.11 (s, 9 H); 13C NMR (125 MHz, CDCl 3) 6 144.2, 135.7,
133.7, 131.0, 129.9, 128.5, 127.9, 119.8 (q, J= 320 Hz), 113.5, 113.3, 63.8, 49.2, 35.7, 32.4,
27.0, 26.8, 25.6, 19.5; HRMS (ESI) m/z [M+Na]* calcd for C28H350 3F3N2SSi: 587.1982; found:
587.1994.
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7-(tert-Butyldiphenylsiloxymethyl)-(E)-5,7-octadienyliminoacetonitrile (129). A 50-
mL, recovery flask equipped with a rubber septum and argon inlet needle was charged with
Cs2CO 3 (2.00 g, 6.13 mmol, 4.0 equiv) and a solution of triflamide 164 (0.866 g, 1.53 mmol, 1.0
equiv) in 10 mL of THF. The reaction mixture was heated at 50 'C for 2 h, allowed to cool to rt,
and then diluted with 30 mL of ether and 30 mL of water. The aqueous phase was separated and
extracted with three 30-mL portions of ether and the combined organic phases were washed with
30 mL of satd NaCl solution, dried over K2 CO3 , filtered, and concentrated to afford 0.723 g of a
yellow oil. Column chromatography on 20 g of Et3N-deactivated silica gel (10% EtOAc-
hexanes containing 1% Et3N) afforded 0.610 g (92%) of 129 (77:23 mixture of E and Z isomers
by 'H NMR analysis) as a pale yellow oil: IR (neat): 3071, 3014, 2931, 2857, 1611, 1472, 1428,
1390, 1361, 1112, and 703 cm-1. For the E isomer: 1H NMR (500 MHz, CDCl 3) 6 7.70-7.72 (m, 4
H), 7.39-7.47 (m, 6 H), 7.34 (t, J= 1.5 Hz, 1 H), 6.08 (d, J= 16.0 Hz, 1 H), 5.48-5.55 (m, 1 H),
5.39 (d, J=1.5 Hz, 1 H), 5.07 (s, 1 H), 4.36 (s, 2 H), 3.62 (td, J= 7.0, 1.5 Hz, 2 H), 2.06-2.12 (m,
2 H), 1.64-1.72 (m, 2 H), 1.36-1.46 (m, 2 H), 1.08 (s, 9 H); "C NMR (125 MHz, CDCl3) 6
144.36, 135.8, 135.7, 133.74, 130.43, 129.9, 129.18, 127.9, 114.6, 113.05, 63.7, 59.7, 32.76,
29.48, 27.0, 26.80, 19.5; HRMS (ESI) m/z [M+Na]* calcd for C27H 34N2OSiNa, 453.2333; found,
453.2359. For the Z isomer were observed: 'H NMR(500 MHz, CDCl3) 6 7.69-7.72 (m., 4 H),
7.38-7.46 (m, 6 H), 7.36 (t, J= 2.0 Hz, 1 H), 6.11 (d, J= 14 Hz, 1 H), 5.48 (m, 1 H), 5.38 (d, J=
1.5 Hz), 5.08 (s, 1 H), 4.36 (s, 2 H), 3.80 (td, J= 7.0, 2.0 Hz, 2 H), 2.09-2.17 (m, 2 H), 1.73-1.82
152
(m, 2 H), 1.08 (s, 9 H); "1C NMR (125 MHz, CDCl3 ) 6 144.25, 135.7, 133.72, 131.6, 130.9,
129.8, 128.3, 127.9, 113.3, 109.5, 63.7, 59.2, 30.7, 29.5, 27.0, 19.5.
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2,2-Dimethylpropionic acid 4-pentynyl ester (145).205 A 250-mL, two-necked, round-
bottomed flask equipped with a rubber septum and argon inlet adapter was charged with DMAP
(0.729 g, 5.97 mmol) and 100 mL of CH 2 Cl 2. 4-Pentyn-l-ol (144) (5.00 g, 59.0 mmol) and
pyridine (14 mL, 14 g, 180 mmol) were added via syringe. Pivaloyl chloride (8.7 mL, 8.5 g, 71
mmol) was then added dropwise over 5 min via syringe, and the resulting solution was stirred at
room temperature for 2 h. The reaction mixture was diluted with 200 mL of ether and washed
with two 20-mL portions of 1 M aq HCl solution, two 50-mL portions of satd aq NaHCO 3
solution, and 20 mL of satd aq NaCl solution, dried over MgSO 4, filtered, and concentrated to
give ca. 10 g of a colorless oil. A solution of this material in 100 mL of CH 2Cl 2 was deposited
onto 10 g of silica gel and the resulting free flowing powder was transferred to the top of a
column of 100 g of silica gel. Gradient elution with 2.5-5% EtOAc-hexanes) provided 8.70 g
(88%) of 145 as a colorless oil with spectral data consistent with that reported previously: IR
(film): 2974, 2874, 2121, 1730, 1482, 1463, 1399, 1366, 1285, 1230 cm'; 1H NMR (500 MHz,
CDCl 3) 8 4.16 (t, J= 6.3 Hz, 2 H), 2.30 (dt, J= 7.1, 2.6 Hz, 2 H), 1.97 (t, J= 2.6 Hz, 1 H), 1.87
(app quint, J = 6.7 Hz, 2 H), 1.20 (s, 9 H); 13C NMR (75 MHz, CDCl 3) 8 178.4, 83.2, 69.1,
63.0, 39.0, 27.9, 27.4, 15.5; HRMS (m/z) [M+Na]* calcd for CioH 160 2Na, 191.1043; found,
191.1047.
205 This compound has been previously prepared by Dave Amos via the same procedure. This run is on larger scale
and is included for completeness. See: Ref.200; pg 213-214.
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(E)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pent-4-en-1-yl trimethylacetoxy
ester (146). A 25-mL, two-necked, pear-shaped flask equipped with an argon inlet adapter and
rubber septum was charged with alkyne 145 (3.00 g, 18.0 mmol, 1.0 equiv). Pinacolborane (2.72
mL, 0.783 g, 18.7 mmol, 1.05 equiv) was added dropwise via syringe over 1 min and Cp2ZrHCl
(0.459 g, 1.78 mmol, 0.1 equiv) was added in a single portion. Et 3N (0.25 mL, 1.78 mmol, 0.1
equiv) was added dropwise via syringe and the reaction flask was sealed with two glass stoppers.
The reaction mixture was stirred at 60 C for 16 h, allowed to cool to rt, diluted with 20 mL of
hexanes, and filtered with the aid of 200 mL of 10% EtOAc-hexanes through 20 g of silica gel in
a 30-mL, medium porosity Bnchner filter funnel. The filtrate was concentrated to afford ca. 3.5
g of a colorless oil. Column chromatography on 70 g of silica gel (gradient elution with 2-4%
EtOAc-hexanes) afforded 3.03 g (60%) of 146 as a colorless oil with spectral data consistent
with that reported previously: 20 6 IR (neat) 2978, 1730, 1640, 1481, 1461, 1399, 1365, 1322,
1284, 1214, 1147, 1037, 996, 971, 849, and 771 cm-1; IH NMR (500 MHz, CDCl 3) 6 6.63 (dt, J
= 18.0, 6.5 Hz, 1 H), 5.47 (dt, J= 18.0, 1.5 Hz, 1 H), 4.07 (t, J= 6.5 Hz, 2 H), 2.22-2.27 (in, 2
H), 1.77 (quint, J= 6.5 Hz, 2 H), 1.27 (s, 12 H), 1.20 (s, 9 H); "C NMR (125 MHz, CDCl3 ) 6
178.5, 152.9, 119.7 (br s), 83.1, 63.8, 38.8, 32.2, 27.4, 27.3, 24.9.
206 For preparation of 146 by an alternate method, see: Tucker, C. E.; Davidson, J.; Knochel, P. J. Org. Chem. 1992,
57, 3482-3485.
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6-(tert-Butyldiphenylsiloxymethyl)-1-trimethylacetoxy-(E)-4,6-heptadiene (153). A
50-mL, recovery flask equipped with a rubber septum and argon inlet needle was charged with
PdCl2dppf-CH 2Cl 2 (0.075 g, 0.092 mmol, 0.02 equiv) and then evacuated and backfilled with
argon three times. A solution of boronic ester 146 (1.64 g, 5.54 mmol, 1.2 equiv) and vinyl
iodide 150 (1.95 g, 4.62 mmol, 1.0 equiv) in 40 mL of degassed THF was added via cannula. A
degassed, aqueous NaOH solution (3 M in H20, 4.6 mL, 14 mmol, 3.0 equiv) was added in a
single portion via syringe.. The resulting orange mixture was stirred at rt for 1.5 h and then
diluted with 30 mL of ether and 30 mL of water. The aqueous phase was separated and extracted
with three 30-mL portions of ether and the combined organic phases were washed with 30 mL of
satd aq NaCl solution, dried over MgSO4, filtered, and concentrated to give ca. 2.9 g of a dark
orange oil. A solution of this material in 100 mL of CH2Cl2 was deposited onto 10 g of silica gel
and the resulting free flowing powder was transferred to the top of a column of 150 g of silica
gel. Elution with 2-5% EtOAc-hexanes afforded 1.99 g (93%) of 153 as a colorless oil: IR (neat)
3071, 2959, 2858, 1729, 1612, 1590, 1480, 1428, 1397, 1362, 1284, 1155, 1113, 965, 822, 741,
703, and 615 cm-1; 'H NMR (500 MHz, CDCl3) 6 7.70-7.71 (m, 4 H), 7.38-7.46 (m, 6 H), 6.09
(d, J= 16 Hz, 1 H), 5.53 (dt, J= 16.5, 7.0 Hz, 1 H), 5.39 (d, J= 1.5 Hz, 1 H), 5.07 (s, 1 H), 4.36
(s, 2 H), 4.03 (t, J= 6.5 Hz, 2 H), 2.12 (q, J= 7.0 Hz, 2 H), 1.66-1.72 (quint, J= 6.5 Hz, 2 H),
1.19 (s, 9 H), 1.08 (s, 9 H); 13C NMR (125 MHz, CDCl3) 6 178.7, 144.3, 135.7, 133.8, 130.6,
129.9, 128.6, 127.9, 113.1, 63.9, 63.7, 38.9, 29.7, 28.4, 27.4, 27.0, 19.5; HRMS (DART) m/z
[M+NH4]* calcd for C2 9H40 0 3Si: 482.3085; found: 482.3075.
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6-(tert-Butyldiphenylsiloxymethyl)-(E)-4,6-heptadien-1-ol (154). A 100-mL, recovery
flask equipped with a rubber septum, argon inlet needle, and thermocouple probe was charged
with a solution of pivalate ester 153 (2.44 g, 5.24 mmol, 1.0 equiv) in 20 mL of CH2Cl2. The
flask was cooled at -78 'C while a solution of DIBAL (1.0 M in hexanes, 11.5 mL, 11.5 mmol,
2.2 equiv) was added dropwise via syringe over 10 min (during which time the internal
temperature rose to ca. -70 C). The reaction mixture was stirred at -78 'C for 1 h and then
diluted with 20 mL of satd aq Rochelle's salt solution. The resulting gelatinous mixture was
allowed to warm to rt over 30 min and then stirred at rt for 2 h. The resulting biphasic mixture
was diluted with 80 mL of CH2Cl2 and 50 mL of a satd aq Rochelle's salt solution, and the
aqueous phase was separated and extracted with three 30-mL portions of CH 2C12. The combined
organic phases were washed with 40 mL of satd aq NaCl solution, dried over MgSO 4, filtered,
and concentrated to afford 2.6 g of a colorless oil. A solution of this material in 100 mL of
CH2Cl 2 was deposited onto 10 g of silica gel and the resulting free-flowing powder was
transferred to the top of a of 130 g of silica gel. Gradient elution with 20-30% EtOAc-hexanes
afforded 1.93 g (97%) of 154 as a colorless oil: IR (neat) 3335, 3071, 2932, 2857, 1650, 1611,
1590, 1472, 1473, 1390, 1361, 1264, 1113, 965, 895, 822, 741, 702, and 615 cm-1; I H NMR (500
MHz, CDCl3) 6 7.70-7.72 (m, 4 H), 7.38-7.46 (m, 6 H), 6.11 (d, J = 16.0 Hz, 1 H), 5.56 (dt, J=
16 Hz, 7.0 Hz, 1 H), 5.38 (d, J= 1.5 Hz, 1 H), 5.07 (s, 1 H), 4.36 (s, 2 H), 3.63, (app q, J= 6.0
Hz, 2 H), 2.14 (app q, J= 7.0 Hz, 2 H), 1.63 (quint, J= 6.5 Hz, 2 H), 1.21 (t, J= 5.5 Hz, 1 H),
1.08 (s, 9 H); 13C NMR (125 MHz, CDCl 3) 6 144.4, 135.7, 133.8, 130.4, 129.9, 129.3, 127.9,
164
113.0, 63.8, 62.5, 32.3, 29.5, 27.0, 19.5; HRMS (DART) m/z [M+H] t caled for C2 4H3 2O2 Si:
381.2244; found: 381.2236.
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N-Cyanomethyl-N-(6-tert-butyldiphenylsiloxymethyl)-(E)-4,6-heptadienyl)-
trifluoromethanesulfonamide (165). A 50-mL, two-necked, round-bottomed flask equipped
with an argon inlet adapter and rubber septum was charged with alcohol 154 (1.88 g, 5.04 mmol,
1.0 equiv), HN(Tf)CH 2CN (1.04 g, 5.54 mmol, 1.1 equiv), 20 mL of THF, and PPh3 (1.59 g,
6.05 mmol, 1.2 equiv). DIAD (1.20 mL, 1.24 g, 6.10 mmol, 1.2 equiv) was added dropwise via
syringe over 4 min and the reaction mixture was stirred at rt for 1.5 h and then concentrated to
afford ca 6 g of a yellow oil. A solution of this material in 30 mL of CH 2Cl 2 was deposited onto
10 g of silica gel and transferred to the top of a column of 170 g of silica gel. Gradient elution
with 10-15% EtOAc-hexanes provided 2.38 g (85%) of 165 as a viscous, colorless oil: IR (neat)
3072, 2933, 2859, 1971, 1892, 1838, 1651, 1612, 1590, 1473, 1428, 1399, 1361, 1267, 1231,
1200, 1145, 1113, 1029, 968, 902, 823, 784, 740, 704, and 614 cm~1; IH NMR (500 MHz,
CDC 3) 6 7.73-7.75 (m, 4 H), 7.41-7.49 (m, 6 H), 6.16 (d, J = 16.0 Hz, 1 H), 5.53 (dt, J= 16.0,
6.5 Hz, 1 H), 5.45 (d, J= 1.5 Hz, 1 H), 5.14 (s, 1 H), 4.39 (s, 2 H), 4.28 (br s, 2 H), 3.53 (br s, 2
H), 2.14 (app q, J= 7.0 Hz, 2 H), 1.79 (app quint, J= 7.5 Hz, 2 H), 1.12 (s, 9H); 13C NMR (500
MHz, CDC 3) 6 144.0, 135.7, 133.7, 131.6, 129.9, 127.9, 126.9, 119.8 (q, J= 320 Hz), 114.0,
113.3, 63.7, 49.1, 35.9, 29.6, 27.1, 27.0, 19.5; HRMS (DART) m/z [M+H]* calcd for
C27H33F3N2O3SSi: 551.2006; found: 551.2019.
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6-(tert-Butyldiphenylsiloxymethyl)-(E)-4,6-heptadienyliminoacetonitrile (166). A 50-
mL, recovery flask equipped with a rubber septum and argon inlet needle was charged with
Cs 2CO 3 (2.67 g, 8.20 mmol, 4.0 equiv) and a solution of triflamide 165 (1.13 g, 2.05 mmol, 1.0
equiv) in 15 mL of THF. The reaction mixture was heated at 50 *C for 1.5 h, allowed to cool to
rt, and then diluted with 20 mL of ether and 20 mL of water. The aqueous phase was separated
and extracted with three 20-mL portions of ether and the combined organic phases were washed
with 30 mL of satd NaCl solution, dried over K2CO 3, filtered, and concentrated to afford 0.967 g
of a yellow oil. Column chromatography on 20 g of Et3N-deactivated silica gel (10% EtOAc-
hexanes containing 1% Et3N) afforded 0.610 g (92%) of 166 (77:23 mixture of E and Z isomers
by IH NMR analysis) as a pale yellow oil: IR (neat) 3072, 3049, 2999, 2931, 2892, 2857, 1962,
1893, 1824, 1650, 1623, 1612, 1590, 1472, 1463, 1428, 1390, 1361, 1330, 1264, 1187, 1112,
1009, 998, 967, 897, 822, 703, and 615 cm' 'H NMR (500 MHz, CDCl 3) 8 7.69-7.72 (m, 4 H),
7.38-7.46 (m, 6 H), 7.32 (t, J= 1.0 Hz, 1 H), 6.09 (d, J= 16.0 Hz, 1 H), 5.48-5.57 (m, 1 H), 5.38
(d, J= 1.5 Hz, 1 H), 5.08 (s, 1 H), 4.35 (s, 2 H), 3.61 (td, J= 7.0, 1.5 Hz, 2 H), 2.09-2.17 (m, 2
H), 1.73-1.82 (m, 2 H), 1.08 (s, 9 H); 13C NMR (125 MHz, CDCl 3) 6 144.22, 136.1, 135.7,
133.69, 131.0, 129.9, 128.3, 127.9, 114.6, 113.5, 63.8, 62.3, 30.5, 29.3, 27.0, 19.5; HRMS (ESI)
m/z [M+H]+ calcd for C2 6H32N2OSi: 417.2357; found: 417.2365. Some resonances
corresponding to the minor Z isomer were observed: 'H NMR (500 MHz, CDCl3) 6 7.36 (t, J =
2.0 Hz, 1 H), 6.11 (d, J= 14.0 Hz, 1 H), 4.36 (s, 2 H), 3.80 (td, J= 7.0, 2.0 Hz, 2 H); 13C NMR
(125 MHz, CDCl 3) 6 144.25, 133.72, 131.6, 130.9, 129.8, 128.3, 113.3, 109.5, 63.7, 59.2, 30.7,
29.5.
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2,4,6-Trimethylbenzoic acid 2-methoxyethyl ester (258).27 A 50-mL, round-bottomed
flask equipped with a rubber septum and argon inlet needle was charged with 2,4,6-
trimethylbenzoic acid (257) (5.00 g, 30.5 mmol, 1.0 equiv) and thionyl chloride (20.0 mL, 32.8
g, 276 mmol, 9.2 equiv). The rubber septum was replaced with a reflux condenser fitted with an
argon inlet adapter and the pink reaction mixture was stirred at reflux for 20 h. The resulting
mixture was allowed to cool to rt and concentrated via short path distillation (bath temp 90 *C).
The resulting orange liquid was cooled at 0 'C and pyridine (10.0 mL, 9.80 g, 124 mmol, 4.1
equiv) and then methoxyethanol (20.0 mL, 19.4 g, 255 mmol, 8.5 equiv) were added each in one
portion via syringe. The flask was equipped with a reflux condenser fitted with an argon inlet
adapter and the reaction mixture was stirred at reflux for 21 h, allowed to cool to rt, and then
diluted with 100 mL of Et20. The organic phase was washed with three 30-mL portions of 1 M
aq HCl and 50 mL of satd aq NaCl solution, dried over MgSO 4, filtered, and concentrated to
afford 6.98 g of a yellow oil. A solution of this material in 50 mL of CH 2Cl2 was deposited onto
10 g of silica gel and the resulting free flowing powder was transferred to the top of a column of
120 g of silica gel. Elution with 10% EtOAc-hexanes afforded 5.68 g (84%) of 258 as a pale
yellow oil: IR (neat) 2924, 2886, 2819, 2740, 1727, 1612, 1579, 1452, 1380, 1266, 1170, 1133,
1083, 1029, 985, 853, 780, and 721 cm-1; IH NMR (500 MHz, CDC 3) 6 6.85 (d, J= 1.0 Hz, 2
H), 4.47-4.48 (m, 2 H), 3.69-3.71 (m, 2 H), 3.40 (s, 3 H), 2.31 (s, 6 H), 2.28 (s, 3 H); "C NMR
207 For esterification of a related carboxylic acid with methoxyethanol see: Beak, P.; Carter, L. G. J. Org. Chem.
1981, 46, 2363-2373.
174
(125 MHz, CDC13) 6 170.1, 139.4, 135.4, 130.9, 128.5, 70.6, 63.7, 59.0, 21.2, 19.9; HRMS
(DART) m/z [M+H]* calcd for C13H180 3 : 223.1329; found: 223.1333.
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2,4,6-Trimethylbenzoic vinyl ester (259).208 A 500-mL, round-bottomed flask equipped
with a rubber septum, argon inlet needle, and thermocouple probe was charged with a solution of
TMEDA (8.00 mL, 6.20 g, 54.0 mmol, 4 equiv) in 130 mL of THF. The solution was cooled at -
78 'C while s-BuLi (1.41 M in cyclohexane, 38 mL, 54 mmol, 4 equiv) was added dropwise via
syringe over 10 min. The resulting solution was stirred at -78 'C for 5 min and then a solution of
ester 258 (3.00 g, 13.5 mmol, 1.0 equiv) in 20 mL of THF was added dropwise via cannula at a
rate such that the internal temperature did not rise above -73 'C (ca. 20 min). The resulting red
mixture was stirred at -78 *C for 1 h. Methanol (5.6 mL, 140 mmol, 10 equiv) was added
dropwise via syringe at a rate such that the internal temperature did not rise above -70 *C (ca. 15
min). The reaction mixture was stirred at -78 *C for 10 min, allowed to warm to rt over ca. 30
min, and then diluted with 200 mL of Et2O and 25 mL of satd aq NH 4Cl solution. The organic
phase was separated and washed with two 20-mL portions of satd aq NH 4Cl solution. The
combined aqueous phases were back-extracted with 50 mL of Et2O and the combined organic
phases were washed with 50 mL of satd aq NaCl solution, dried over MgSO 4, filtered, and
concentrated to afford 2.78 g of a yellow oil. A solution of this material in 50 mL of CH 2Cl2 was
deposited onto 15 g of silica gel and the resulting free flowing powder was transferred to the top
of a column of 170 g of silica gel. Elution with 2% Et20-hexanes afforded 1.37 g (53%) of 259
as a colorless oil: IR (neat) 3090, 2968, 2925, 1741, 1694, 1645, 1612, 1580, 1428, 1380, 1293,
1245, 1168, 1133, 1076, 949, 875, 852, 778, and 696 cm-1; IH NMR (500 MHz, CDC 3) 6 7.53
208 For elimination of a related ester with s-BuLi see: Beak, P.; Carter, L. G. J Org. Chem. 1981, 46, 2363-2373
178
(ddd, J= 14.0, 6.5, 1.0 Hz, 1 H), 6.89 (s, 2 H), 5.00 (ddd, J= 14.0, 2.0, 0.5 Hz, 1 H), 4.70 (ddd, J
= 6.3, 2.0, 0.5 Hz, 1 H), 2.34 (s, 6 H), 2.31 (s, 3 H); 13 C NMR (125 MHz, CDC13) 6 166.9, 141.3,
140.2, 136.1, 129.4, 128.8, 98.3, 21.3, 20.1; HRMS (ESI) m/z [M+Na]* calcd for C1 2H140 2:
213.0886; found: 213.0892.
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2,4,6-Trimethylbenzoic acid 1,2-dibromoethyl ester (260). A 200-mL, recovery flask
equipped with a rubber septum and argon inlet needle was charged with a solution of vinyl ester
259 (1.37 g, 7.20 mmol, 1.0 equiv) in 120 mL of CH2 Cl 2 and cooled at 0 *C while bromine
(0.390 mL, 1.22 g, 7.56 mmol, 1.05 equiv) was added dropwise via syringe over 2 min. The
orange reaction mixture was stirred at 0 'C for 15 min, allowed to warm to rt over 30 min, and
then diluted with 200 mL of Et20 and 30 mL of 5% aq NaHSO 3 solution. The organic phase was
separated and washed with two 30-mL portions of 5% aq NaHSO 3 solution. The combined
aqueous phases were back-extracted with 30 mL of Et20. The combined organic phases were
washed with 30 mL of satd aq NaCl solution, dried over MgSO 4, filtered, and concentrated to
afford 2.4 g of a yellow oil. A solution of this material in 50 mL of CH 2Cl2 was deposited onto
10 g of silica gel and the resulting free flowing powder was transferred to the top of a column of
140 g of silica gel. Gradient elution with 2-4% Et20-hexanes afforded 1.69 g (67%) of 260 as a
colorless oil: IR (neat) 3037, 3002, 2976, 2922, 1755, 1611, 1579, 1424, 1380, 1255, 1235, 1159,
1093, 1045, 985, 853, 693, and 610 cm-1; 'H NMR (500 MHz, CDC13) 8 6.99 (dd, J = 9.5, 3.0
Hz, 1 H), 6.89 (s, 2 H), 3.99 (dd, J= 10.0, 9.5 Hz, 1 H), 3.95 (dd, J= 11.0, 3.0 Hz, 1 H), 2.36 (s,
6 H), 2.31 (s, 3 H); 13C NMR (125 MHz, CDC 3) 6 167.4, 140.6, 136.0, 128.81, 128.76, 71.0,
33.2, 21.4, 20.1; HRMS (DART) m/z [M+H]* calcd for C12H1 4Br 2O2: 348.9433; found:
348.9423.
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2,4,6-Trimethylbenzoic acid 1-bromovinyl ester (155). A 50-mL, recovery flask
equipped with a rubber septum and argon inlet needle was charged with a solution of HMDS
(1.31 mL, 1.01 g, 6.27 mmol, 1.3 equiv) in 10 mL of toluene. The solution was cooled at 0 *C
while n-BuLi (2.31 M in hexanes, 2.51 mL, 5.80 mmol, 1.2 equiv) was added dropwise via
syringe over 3 min. The resulting solution was stirred at 0 *C for 10 min prior to use.
A 200-mL, recovery flask equipped with a rubber septum, argon inlet needle, and
thermocouple probe was charged with a solution of the dibromide 260 (1.69 g, 4.83 mmol, 1.0
equiv) in 100 mL of toluene. The resulting solution was cooled at -78 *C while the precooled (0
"C) solution of LiHMDS prepared above was added dropwise via cannula at a rate such that the
internal temperature did not rise above -72 *C (ca. 5 min). The reaction mixture was stirred at
-78 "C for 5 min, allowed to warm to rt over 30 min, and then diluted with 200 mL of Et20 and
20 mL of satd aq NaHSO 4 solution. The organic phase was separated and washed with two 30-
mL portions of NaHSO 4 solution, 25 mL of Na 3PO4 buffer (pH 7), and 30 mL of satd aq NaCl
solution, dried over MgSO 4, filtered, and concentrated to afford 3.1 g of a yellow oil. A solution
of this material in 50 mL of CH 2Cl2 was deposited onto 10 g of silica gel and the resulting free
flowing powder was transferred to the top of a column of 130 g of silica gel. Elution with 2%
Et2O-hexanes afforded 1.23 g (95%) of 155 as a colorless oil: IR (neat) 2961, 2924, 1764, 1633,
1612, 1452, 1427, 1238, 1161, 1118, 1026, 957, 916, 852, 771, 713, 623, and 603 cm-; IH NMR
(500 MHz, CDCl3 ) 6 6.90 (d, J= 0.5 Hz, 2 H), 5.53 (d, J= 3.5 Hz, 1 H), 5.40 (d, J= 3.0 Hz, 1
H), 2.38 (s, 6 H), 2.31 (s, 3 H); 13C NMR (125 MHz, CDCl3) 6 166.2, 140.9, 136.4, 129.5, 129.0,
185
128.3, 109.7, 21.4, 20.2; HRMS (DART) m/z [M+H] t calcd for C12H13BrO2: 269.0172; found:
269.0171.
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2-[(1E)-6-[[(tert-Butyldiphenylsilylloxy]-1-hexen-1-yl]-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (149)209. A 25-mL, two-necked, pear-shaped flask equipped with an argon inlet
adaper and rubber septum was charged with alkyne 148210 (2.00 g, 5.94 mmol, 1.0 equiv).
Pinacol borane (0.910 mL, 0.801 g, 6.24 mmol, 1.05 equiv) was added dropwise via syringe over
1 min and Cp2ZrHCl (0.153 g, 0.594 mmol, 0.1 equiv) was added in a single portion. Et3N (80
pL, 0.59 mmol, 0.1 equiv) was added dropwise via syringe and the reaction flask was sealed with
two glass stoppers. The reaction mixture was stirred at 60 *C for 16 h, allowed to cool to rt,
diluted with 20 mL of hexanes, and filtered with the aid of 200 mL of 10% EtOAc-hexanes
through 20 g of silica gel in a 30-mL, medium porosity Biichner filter funnel. The filtrate was
concentrated to afford 2.9 g of a colorless oil. Column chromatography on 70 g of silica gel
(gradient elution with 2-4% EtOAc-hexanes) afforded 2.29 g (83%) of 149 as a colorless oil: IR
(neat) 3071, 2932, 2858, 1639, 1473, 1428, 1363, 1320, 1146, 1112, 999, 981, 850, 824, 741,
702, and 614 cm-1; 'H NMR (500 MHz. CDCl3) 6 7.66-7.68 (m, 4 H), 7.37-7.45 (m, 6 H), 6.63
(dt, J= 18.0, 6.5 Hz, 1 H), 5.43 (dt, J= 18.0, 1.5 Hz, 1 H), 3.66 (t, J= 6.0 Hz, 2 H), 2.13-2.18
(m, 2 H), 1.49-1.61 (m, 4 H), 1.28 (s, 12 H), 1.05 (s, 9 H); 13 C NMR (125 MHz, CDCl3) 6 154.7,
135.8, 134.3, 129.7, 127.8, 119.1, 83.2, 63.9, 35.7, 32.3, 27.1, 25.0, 24.7, 19.4; HRMS (ESI) m/z
[M+H]+ calcd for C2 8H4 1B0 3 : 465.3006, found: 465.3011.
209 For hydroboration of a closely related alkyne with pinacolborane see: Wang, Y. D.; Kimball, G.; Prashad, A. S.;
Wang, Y. Tetrahedron Lett. 2005, 46, 8777-8780.
210 For the preparation of 148, see: de Oliveira Imbroisi, D.; Simpkins, N. S. J Chem. Soc.: Perkin Trans. 1 1991,
1815-1823.
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(E)-8-((tert-Butyldiphenylsilyl)oxy)octa-1,3-dien-2-yl-2,4,6-trimethylbenzoate (156).
A 100-mL, recovery flask equipped with a rubber septum and argon inlet needle was charged
with Pd(OAc) 2 (0.042 g, 0.19 mmol, 0.05 equiv) and SPhos (0.153 g, 0.372 mmol, 0.1 equiv)
and then evacuated and backfilled with argon three times. A solution of bromide 155 (1.00 g,
3.72 mmol, 1.0 equiv) and boronic ester 149 (1.88 g, 4.05 mmol, 1.1 equiv) in 15 mL of
degassed 21 1 THF was added via cannula. A degassed 2 12 solution of K3PO4 (0.5 M in H20, 23
mL, 12 mmol, 3 equiv) was added in a single portion via syringe. The reaction mixture was
stirred at rt for 21 h and then diluted with 30 mL of Et2O and 20 mL of H20. The aqueous phase
was separated and extracted with three 30-mL portion of Et20. The combined organic phases
were washed with 45 mL of satd aq NaCl solution, dried over MgSO 4, filtered, and concentrated
to afford 3.1 g of a dark orange oil. Column chromatography on 170 g of silica gel (gradient
elution with 2.5-4% EtOAc-hexanes) afforded 1.78 g (91%) of 156 as a colorless oil: IR (neat)
3071, 3048, 3015, 2999, 2931, 2858, 1748, 1659, 1612, 1472, 1462, 1428, 1389, 1361, 1233,
1164, 1112, 1063, 1008, 998, 964, 879, 851, 824, 741, 703, 688, and 614 cm-1; IH NMR (500
MHz, CDC 3) 6 7.66-7.67 (m, 4 H), 7.36-7.44 (m, 6 H), 6.90 (s, 2 H), 6.04 (d, J= 16.0 Hz, 1 H),
5.90 (dt, J= 15.5, 7.0 Hz, 1 H), 5.00 (s, 1 H), 4.95 (s, 1 H), 3.66 (t, J= 6.0 Hz, 2 H), 2.40 (s, 6
H), 2.31 (s, 3 H), 2.13 (app q, J= 7.0 Hz, 2 H), 1.55-1.62 (m, 2 H), 1.47-1.52 (m, 2 H), 1.05 (s, 9
H); 1 3C NMR (125 MHz, CDC 3) 6 168.1, 152.2, 140.0, 135.8, 135.7, 134.2, 133.2, 130.3, 129.7,
21 THF was degassed by three freeze-pump-thaw cycles.
212 The aqueous solution of K3PO4 was degassed by sparging with argon for 25 min.
192
128.9, 127.8, 124.6, 103.5, 63.8, 32.22, 32.16, 27.1, 25.4, 21.4, 20.3, 19.4; HRMS (ESI) m/z
[M+Na]* calcd for C34H42O3 Si: 549.2795; found: 549.2785.
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(E)-8-Hydroxyocta-1,3-dien-2-yl-2,4,6-trimethylbenzoate (157). A 50-mL, round-
bottomed flask equipped with a rubber septum and argon inlet needle was charged with a
solution of silyl ether 156 (1.78 g, 3.38 mmol, 1.0 equiv) in 15 mL of THF. A solution of TBAF
(1.0 M in THF, 5.10 mL, 5.07 mmol, 1.5 equiv) was added dropwise via syringe over 4 min.
The reaction mixture was stirred at rt for 1.5 h and then diluted with 20 mL of Et20 and 20 mL
of H2 0. The aqueous phase was separated and extracted with three 30-mL portions of Et2O.
The combined organic phases were washed with 40 mL of satd aq NaCl solution, dried over
MgSO 4 , filtered, and concentrated to afford 0.982 g of a pale yellow oil. A solution of this
material in 40 mL of CH2Cl 2 was deposited onto 10 g of silica gel and the resulting free flowing
powder was transferred to the top of a column of 110 g of silica gel. Gradient elution with 10-
35% EtOAc-hexanes afforded 0.863 g (89%) of 157 as a colorless oil. IR (neat) 3361, 2932,
2861, 1746, 1659, 1612, 1579, 1455, 1380, 1234, 1164, 1065, 964, 881, 772, 718, and 684 cm-1;
'H NMR (500 MHz, CDC 3) 6 6.91 (d, J= 1.0 Hz, 2 H), 6.08 (dt, J= 15.5, 1.5 Hz, 1 H), 5.91 (dt,
J= 15.5, 7.0 Hz, 1 H), 5.01 (d, J= 1.5 Hz, 1 H), 4.95 (d, J= 1.0 Hz, 1 H), 3.45 (app q, J= 6.0
Hz, 2 H), 2.40 (s, 6 H), 2.31 (s, 3 H), 2.15-2.20 (m, 2 H), 1.56-1.62 (m, 2 H), 1.46-1.53 (m, 2 H),
1.27 (t, J = 5.0 Hz, 1 H); 13C NMR (125 MHz, CDC 3) 6 168.1, 152.2, 140.0, 135.7, 132.9,
130.2, 128.9, 124.9, 103.7, 62.9, 32.4, 32.1, 25.2, 21.4, 20.3; HRMS (DART) m/z [M+H]* caled
for C18H240 3 : 289.1798; found: 289.1786.
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8-(N-(Cyanomethyl)-1,1,1-trifluoromethylsulfonamido)octa-1,3-dien-2-yl 2,4,6-
trimethylbenzoate (167). A 50-mL, recovery flask equipped with a rubber septum and argon
inlet needle was charged with alcohol 157 (0.863 g, 2.99 mmol, 1.0 equiv), TfNHCH 2CN (0.620
g, 3.30 mmol, 1.1 equiv), Ph 3P (0.943 g, 3.59 mmol, 1.2 equiv), and 12 mL of THF. The
resulting mixture was stirred at rt while DIAD (0.700 mL, 0.721 g, 3.59 mmol, 1.2 equiv) was
added dropwise via syringe over 1 min. The yellow reaction mixture was stirred at rt for 1 h,
diluted with 100 mL of CH2Cl2, and then deposited onto 15 g of silica gel. The resulting free
flowing powder was transferred to the top of a column of 160 g of silica gel. Gradient elution
with 0-20% EtOAc-hexanes afforded 1.08 g (79%) of 167 as a viscous, colorless oil: IR (neat)
2939, 2864, 1742, 1660, 1612, 1579, 1455, 1427, 1398, 1231, 1194, 1166, 1140, 1116, 1067,
966, 901, 853, 783, 727, 685, and 600 cm-1; IH NMR (500 MHz, CDCl3) 6 6.92 (s, 2 H), 6.11
(d, J= 15.5 Hz, 1 H), 5.84 (dt, J= 15.5, 7.5 Hz, 1 H), 5.05 (d, J= 1.5 Hz, 1 H), 4.99 (d, J= 1.5
Hz, 1 H), 4.35 (br s, 2 H), 3.53 (br s, 2 H), 2.41 (s, 6 H), 2.32 (s, 3 H), 2.22 (q, J= 7.0 Hz, 2 H),
1.71 (quint, J= 7.5 Hz, 2 H), 1.46-1.52 (m, 2 H); 13 C NMR (125 MHz, CDCl3) 6 168.1, 151.9,
140.2, 135.8, 131.5, 130.0, 129.0, 125.8, 119.8 (q, J= 320 Hz), 113.3, 104.4, 49.0, 35.7, 31.5,
26.6, 25.3, 21.4, 20.4; HRMS (DART) m/z [M+H]*calcd for C2 1H2 5F3N20 4 S: 459.1560; found:
459.1552.
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(E)-8-((Cyanomethylimino)octa-1,3-dien-2-yl 2,4,6-trimethylbenzoate (168). A 25-
mL, recovery flask equipped with a reflux condenser fitted with an rubber septum and argon inlet
needle was charged with Cs2CO3 (0.940 g, 2.89 mmol, 4.0 equiv) and a solution of triflamide
167 (0.331 g, 0.722 mmol, 1.0 equiv) in 5 mL of THF. The reaction mixture was stirred at 55 'C
for 1.5 h, allowed to cool to rt, and then diluted with 20 mL of Et2O and 20 mL of H20. The
aqueous phase was separated and extracted with three 30-mL portions of Et20. The combined
organic phases were washed with 30 mL of satd aq NaCl solution, dried over K2CO 3, filtered,
and concentrated to afford a 0.382 g of a pale yellow oil. Column chromatography on 10 g of
Et3N-deactivated silica gel (elution with 10-20% EtOAc/hexanes/l% NEts) afforded 0.198 g
(85%) of 168 (75:25 mixture of E and Z isomers) as a pale yellow oil: For the major E isomer:
IR (neat) 2927, 2859, 1744, 1659, 1612, 1454, 1380, 1333, 1233, 1164, 1065, 965, 881, and 852
cm-1; 'H NMR (500 MHz, CDC 3) 6 7.37 (t, J = 1.5 Hz, 1 H), 6.91 (s, 2 H), 6.07 (dt, J= 15.5, 1.5
Hz, 1 H), 5.88 (dt, J= 15.5, 7.5 Hz, 1 H), 5.02 (d, J= 1.5 Hz, 1 H), 4.97 (d, J= 1.0 Hz, 1 H),
3.65 (td, J= 7.0, 1.5 Hz, 2 H), 2.40 (s, 6 H), 2.32 (s, 3 H), 2.18 (q, J= 7.0 Hz, 2 H), 1.68-1.74
(m, 2 H), 1.43-1.51 (m, 2 H); 13 C NMR (125 MHz, CDCl 3) 6 168.0, 152.0, 140.1, 136.0, 135.7,
132.2, 130.1, 128.88, 125.2, 114.6, 103.93, 62.9, 31.9, 29.5, 26.49, 21.3, 20.3; HRMS (DART)
m/z [M+H]* calcd for C2 0 H2 4N20 2 : 325.1911; found: 325.1924. For the Z isomer: IH NMR (500
MHz, CDC 3) 6 7.38 (t, J = 2.5 Hz, 1 H), 6.91 (s, 2 H), 6.09 (dt, J= 15.5, 1.5 Hz, 1 H), 5.88 (dt,
J= 15.5, 7.5 Hz,1 H), 5.02 (d, J= 1.5 Hz, 1 H), 4.97 (d, J= 1.0 Hz, 1 H), 3.83 (td, J= 6.5, 2.5
Hz, 2 H), 2.40 (s, 6 H), 2.32 (s, 3 H), 2.18 (q, J= 7.0 Hz, 2 H), 1.74-1.77 (m, 2 H), 1.43-1.51 (m,
202
2 H); "3C NMR (125 MHz, CDC13) 6 168.0, 152.0, 140.0, 135.7, 132.3, 131.6, 130.2, 128.85,
125.1, 109.5, 103.87, 59.6, 31.9, 29.5, 26.52, 21.3, 20.3.
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158
Cyclohex-1-en-1-yl trifluoromethanesulfonate (158). A 25-mL, two-necked round-
bottomed flask equipped with a rubber septum and argon inlet needle was charged with a
solution of HMDS (1.61 mL, 7.70 mmol, 1.1 equiv) in 8 mL of THF. The solution was cooled at
0 'C while a solution of n-BuLi (2.45 M in hexanes, 2.85 mL, 7.00 mmol, 1.0 equiv) was added
dropwise via syringe over 2 min. The resulting solution was stirred at 0 'C for 10 min prior to
use.
A 1 00-mL, two-necked, round-bottomed flask equipped with a argon inlet adapter, rubber
septum, and thermocouple probe was charged with a solution of cyclohexanone (0.72 mL, 0.684
g, 7.00 mmol, 1.0 equiv) in 16 mL of THF. The solution was cooled at -78 *C while the
precooled (0 C) solution of LiHMDS prepared above was added dropwise via cannula at a rate
such that the internal temperature did not rise above -75 'C (addition required ca. 10 min). The
resulting mixture was stirred at -78 *C for 45 min then a solution of PhNTf2 (2.51 g, 7.00 mmol,
1.0 equiv) in 14 mL of THF was added dropwise via cannula at a rate such that the internal
temperature did not rise above -75 0C (addition required ca. 10 min). The resulting mixture was
allowed to warm slowly to rt over 16 h and then diluted with 50 mL of Et2O and 20 mL of H2 0.
The aqueous phase was separated and extracted with three 30-mL portions of Et2O. The
combined organic phases were washed with 30 mL of satd aqueous NaCl, dried over K2CO 3,
filtered, and concentrated ca. 2 g of a colorless semi-solid. A solution of this material in 50 mL
of CH 2C12 was deposited onto 9 g of silica gel and the resulting free-flowing powder was
transferred to the top of a 90 g column of silica gel. Gradient elution with 0-2% Et20/pentane
afforded 1.21 g (75%) of 158 as a colorless oil with spectral data consistent with reported
206
previously:213 IR (neat) 2946, 2868, 1690, 1417, 1365, 1339, 1209, 1143, 1080, 1053, 1033, 981,
925, 883, 832, and 611 cm~1; IH NMR (500 MHz, CDC13) 6 5.76-5.78 (m, 1 H), 2.30-2.34 (m, 2
H), 2.17-2.21 (m, 2 H), 1.77-1.82 (m, 2 H), 1.59-1.64 (m, 2 H); 13 C NMR (125 MHz, CDC 3) 6
149.6, 118.8 (q, J= 318 Hz), 118.7, 27.8, 24.1, 22.9,21.2.
213 Tessier, P. E.; Nguyen, N.; Clay, M. D.; Fallis, A. G. Org. Lett. 2005, 7, 767-770.
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6-(1-Cyclohexenyl)-1-trimethylacetoxy-(E)-hexene (159). A 100-mL, round-bottomed
flask equipped with a rubber septum and argon inlet needle was charged with Pd(OAc) 2 (0.055 g,
0.250 mmol, 0.05 equiv) and SPhos (0.205 g, 0.500 mmol, 0.10 equiv) then evacuated and
backfulled with argon three times. A solution of vinyl triflate 158 (1.15 g, 5.00 mmol, 1.0 equiv)
and boronic ester 143 (1.71 g, 5.50 mmol, 1.1 equiv) in 20 mL of degassed 2 14 of THF was added
via cannula. A degassed215 solution of aqueous K3PO4 (0.5 M in H20, 30 mL, 15 mmol, 3 equiv)
was added in a single portion via syringe. The resulting orange mixture was stirred at rt for 17 h
and then diluted with 30 mL of Et 20 and 30 mL of H20. The aqueous phase was separated and
extracted with three 30-mL portions of Et 20. The combined organic phases were washed with
40 mL of satd aq. NaCl solution, dried over MgSO 4, filtered, and concentrated to afford 1.99 g of
an orange oil. A solution of this material in ca. 50 mL of CH 2Cl 2 was deposited onto 10 g of
silica gel and the resulting free flowing powder was transferred to the top of a column of 110 g
of silica gel. Gradient elution (2.5-5% EtOAc-hexanes) afforded 1.21 g (93%) of 159 as a
colorless oil with spectral data consistent with that reported previously: 2 16 IR (neat) 3023, 2932,
2837, 1730, 1480, 1459, 1398, 1365, 1285, 1156, 1035, 964, and 771 cm'; 1H NMR (500 MHz,
CDCl 3) 6 6.04 (d, J= 16.0 Hz, 1 H), 5.65 (s, 1 H), 5.53 (dt, J= 15.5, 7.0 Hz, 1 H), 4.06 (t, J=
6.5 Hz, 2 H), 2.10-2.14 (m, 6 H), 1.59-1.70 (m, 6 H), 1.43-1.49 (m, 2 H), 1.20 (s, 9 H); 13C NMR
(125 MHz, CDCl 3) 6 178.8, 135.7, 134.1, 127.6, 126.1, 64.5, 38.9, 32.6, 28.3, 27.4, 26.2, 25.9,
24.8, 22.8, 22.7.
214 THF was degassed by three freeze-pump-thaw cycles. The aqueous solution of K3PO 4 was degassed by sparging
with argon for 25 min.
215 The aqueous solution of K3PO4 was degassed by sparging with argon for 25 min.
216 For preparation of 159 via Suzuki coupling of the analogous vinyl iodide, see: Ref. 201; pp 137-138
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6-(1-Cycloxehenyl)-(E)-hexen-1-ol (160). A 100-mL, two-necked, round-bottomed
flask equipped with an argon inlet adapter, rubber septum, and thermocouple probe was charged
with a solution of pivaloyl ester 159 (1.15 g, 4.34 mmol, 1.0 equiv) in 20 mL of CH 2Cl2. The
solution was cooled at -78 'C while a solution of DIBAL (1.0 M in hexanes, 9.55 mL, 9.55
mmol, 2.2 equiv) was added dropwise via syringe at a rate such that the internal temperature did
not rise above -74 'C (addition required ca. 10 min). The reaction mixture was stirred at -78 *C
for 1 h and then 12 mL of satd aqueous Rochelle's salt solution was added dropwise via syringe
over 5 min. The resulting mixture was allowed to warm to rt over 30 min, stirred at rt for 2 h,
and then diluted with 40 mL of H20 and 40 mL of CH 2Cl 2. The aqueous phase was separated
and extracted with three 40-mL portions of CH 2Cl 2 . The combined organic phases were washed
with 50 mL of satd aq NaCl solution, dried over MgSO 4, filtered, and concentrated to afford a
colorless oil. A solution of this material in 50 mL of CH 2Cl2 was deposited onto 10 g of silica
gel and resulting free flowing powder was transferred to the top of a column of 100 g of silica
gel. Gradient elution with (25-30% EtOAc-hexanes) afforded 0.738 g (94%) of 160 as a
colorless oil: IR (neat) 3330, 3022, 2984, 2928, 2836, 1651, 1625, 1457, 1448, 1436, 1349, 1269,
1136, 1064, 963, 924, and 669 cm-1; 'H NMR (500 MHz, CDCl 3) 6 6.04 (d, J= 15.5 Hz, 1 H),
5.65 (s, 1 H), 5.54 (dt, J= 15.5, 7.0 Hz, 1 H), 3.66 (app q, J= 6.5 Hz, 2 H), 2.11-2.15 (m, 6 H),
1.65-1.70 (m, 2 H), 1.57-1.63 (m, 4 H), 1.44-1.50 (m, 2 H), 1.22 (t, J= 5.5 Hz, 1 H); 13C NMR
(125 MHz, CDCl3) 6 135.7, 134.0, 127.5, 126.3, 63.0, 32.7, 32.4, 25.94, 25.91, 24.8, 22.8, 22.7.
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N-(Cyanomethyl)-N-(6-(1-cyclohexenyl)-(E)-5-hexenyl)trifluoromethanesulfonamide
(169). A 50-mL, round-bottomed flask equipped with a rubber septum and argon inlet needle
was charged with a solution of alcohol 160 (0.688 g, 3.82 mmol, 1.0 equiv) and HN(Tf)CH 2CN
(0.786 g, 4.18 mmol, 1.1 equiv) in 15 mL of THF and PPh 3 (1.20 g, 4.58 mmol, 1.2 equiv).
DIAD (0.90 mL, 0.927 g, 4.58 mmol, 1.2 equiv) was added dropwise via syringe over 1 min and
the reaction mixture was stirred at rt for 1.5 h and then concentrated to give 6.5 g of a yellow oil.
A solution of this material in 50 mL of CH2Cl 2 was deposited onto 10 g of silica gel and the
resulting free flowing powder was transferred to the top of a column of 150 g of silica gel.
Gradient elution with 15% EtOAc-hexanes provided 1.16 g (86%) of 169 as a viscous, colorless
oil with spectral data consistent with that reported previously: 217 IR (neat) 3024, 2988, 2931,
2860, 2838, 1650, 1624, 1450, 1437, 1398, 1351, 1230, 1197, 1144, 1117, 1043, 966, 901, 784,
747, and 729 cm~1 1H NMR (500 MHz, CDCl 3) 6 6.06 (d, J= 16.0 Hz, 1 H), 5.68 (s, 1 H), 5.49
(dt, J= 16.0, 7.0 Hz, 1 H), 4.32 (br s, 2 h), 3.55 (br s, 2 H), 2.12-2.18 (m, 6 H), 1.66-1.75 (m, 4
H), 1.58-1.62 (m, 2 H), 1.44-1.50 (m, 2 H); 13C NMR (125 MHz, CDCl3) 6 135.6, 134.9, 128.2,
124.9, 119.8 (q, J= 320 Hz), 113.3, 49.3, 35.8, 32.1, 26.8, 26.1, 25.9, 24.8, 22.8, 22.7.
217 This compound was prepared previously by Kevin Maloney on smaller scale, see: Ref. 201; pp 147-148.
216
r9-1
S
H--
/
wdd g*T 9T VT SOT VT O*Z 'rc
!i j
.A
V?^ :
rorT
00'
9
I ii
L 860 T
mudd 90S 8*9 009
I L L I
691
96LT S 99
.r; r t FL-
uxdd T E
~~~~ -f~ p -. .- ' --------
81
O
. 
-
0-
O
0
0 0
-
0
O
-
0
1
3
4
.8
9
6
.
.
.
.
 
.
-
1
2
8
.2
1
3
-
-
1
2
4
.9
0
8
I 
.
.
.
.
 
.
.
-
-
-
 
1
2
1
.1
0
8
7
7
.4
8
2
-
7
7
.4
3
1
7
7
.2
3
0
7
6.
97
4
4
9
.3
1
0
.
76
9
.
14
8
.
82
9
.
77
3
.
69
5
1
3
5
.5
5
1
1
1
3
.2
8
5
Tf'1
CN CN
169 170
6-(1-Cyclohexenyl)-(E)-5-hexenyliminoacetonitrile (170). A 50-mL, recovery flask
equipped with a rubber septum and argon inlet needle was charged with Cs 2CO3 (2.30 g, 7.14
mmol, 4.0 equiv) and a solution of triflamide 169 (0.625 g, 1.78 mmol, 1.0 equiv) in 12 mL of
THF. The reaction mixture was heated at 50 *C for 1.5 h, allowed to cool to rt, and then diluted
with 20 mL of ether and 20 mL of H20. The aqueous phase was separated and extracted with
three 30-mL portions of ether and the combined organic phases were washed with 30 mL of satd
aq NaCl solution, dried over K2CO 3 , filtered, and concentrated to afford 0.723 g of a yellow oil.
Column chromatography on 15 g of Et3N-deactivated silica gel (5% EtOAc-hexanes containing
1% Et3N) afforded 0.351 g (91%) of 170 (78:22 mixture of E and Z isomers by 'H NMR
analysis) as a pale yellow oil with spectral data consistent with that reported previously: 218 JR
(neat) 3022, 2929, 2858, 1623, 1436, 1335, 1269, 1172, 1136, 1074, 965, 923, and 789 cm-1; For
the E isomer: 'H NMR (500 MHz, CDC13) 6 7.375 (m, 1 H), 6.04 (d, J= 15.5 Hz, 1 H), 5.66 (s,
1 H), 5.48-5.55 (m, 1 H), 3.66 (td, J= 7.0, 1.5 Hz, 2 H), 2.11-2.15 (m, 6 H), 1.65-1.78 (m, 4 H),
1.56-1.62 (m, 2 H), 1.41-1.49 (m, 2 H); 13C NMR (125 MHz, CDCl3) 6 135.8, 135.6, 134.3,
127.8, 125.7, 114.6, 63.1, 32.5, 29.48, 27.2, 25.9, 24.8, 22.8, 22.7; For the Z isomer: 'H NMR
(500 MHz, CDCl 3) 6 7.382 (t, J= 2.5 Hz, 1 H), 6.05 (d, J= 15.5 Hz, 1 H), 5.66 (s, 1 H), 5.48-
5.55 (m, 1 H), 3.84 (td, J= 7.0, 2.0 Hz, 2 H), 2.11-2.15 (m, 6 H), 1.65-1.78 (m, 4 H), 1.56-1.62
(m, 2 H), 1.41-1.49 (m, 2 H); 13C NMR (125 MHz, CDCl3) 6 135.7, 134.3, 131.4, 127.7, 125.8,
109.5, 59.8, 32.5, 29.54, 27.3, 25.9, 24.8, 22.8, 22.7.
218 This compound was prepared previously by Kevin Maloney on smaller scale, see: Ref. 201; pp 154-155.
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1-(tert-butyldiphenylsiloxy)-(5E,7E)-nonadiene (162). A 200-mL, recovery flask
equipped with a rubber septum and argon inlet needle was charged with Pd(OAc) 2 (0.077 g,
0.343 mmol, 0.05 equiv) and SPhos (0.282 g, 0.685 mmol, 0.10 equiv) and evacuated and
backfilled with argon three times. A solution of 1-bromopropene (161) (0.59 mL, 0.829 g, 6.85
mmol, 1.0 equiv) and boronic ester 149 (3.50 g, 7.54 mmol, 1.1 equiv) in 30 mL of degassed2 19
of THF was added via cannula. A degassed 220 solution of aqueous K3PO4 (0.5 M in H20, 45 mL,
21 mmol, 3 equiv) was added in a single portion via syringe. The resulting orange mixture was
stirred at rt for 21 h and then diluted with 50 mL of Et20 and 50 mL of H20. The aqueous phase
was separated and extracted with three 50-mL portions of Et20. The combined organic phases
were washed with 50 mL of satd aq NaCl solution, dried over MgSO 4, filtered, and concentrated
to afford 3.61 g of an orange oil. A solution of this material in ca. 50 mL of CH 2 Cl 2 was
deposited onto 10 g of silica gel and the resulting free flowing powder was transferred to the top
of a column of 150 g of silica gel. Gradient elution (1-5% EtOAc-hexanes) afforded 2.53 g
(98%) of 162 as a colorless oil: IR (neat) 3050, 3071, 3015, 2932, 2858, 1958, 1888, 1823, 1590,
1473, 1462, 1428, 1390, 1361, 1188, 1112, 987, 823, 740, 702, 688, and 614 cm-; 'H NMR (500
MHz, CDC13) 6 7.67-7.69 (in, 4 H), 7.37-7.45 (in, 6 H), 5.96-6.06 (m, 2 H), 5.51-5.62 (m, 2 H),
3.67 (t, J= 12.5 Hz, 2 H), 2.05 (app q, J= 7.0 Hz, 2 H), 1.75 (d, J= 7.0 Hz, 3 H), 1.55-1.61 (m,
2 H), 1.44-1.50 (in, 2 H), 1.06 (s, 9 H); "C NMR (125 MHz, CDCl3) 6 135.8, 134.3, 132.1,
219 THF was degassed by three freeze-pump-thaw cycles. The aqueous solution of K3P0 4 was degassed by sparging
with argon for 25 min.2 20 The aqueous solution of K3PO4 was degassed by sparging with argon for 25 min.
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131.9, 130.6, 129.7, 127.8, 127.0, 64.0, 32.5, 32.3, 27.1, 25.8, 19.4, 18.2; HRMS (DART) m/z
[M+H]* calcd for C25H34OSi: 379.2452; found: 379.2439.
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(5E,7E)-nonadien-1-ol (163). A 50-mL, recovery flask equipped with a rubber septum
and argon inlet needle was charged with a solution of silyl ether 162 (2.53 g, 6.68 mmol, 1.0
equiv) in 25 mL of THF. A solution of TBAF (1.0 M in THF, 10 mL, 10 mmol, 1.5 equiv) was
added dropwise via syringe over 4 min. The reaction mixture was stirred at rt for 1.5 h and then
diluted with 40 mL of Et20 and 20 mL of H20. The aqueous phase was separated and extracted
with three 30-mL portions of Et20. The combined organic phases were washed with 40 mL of
satd aq NaCl solution, dried over MgSO4, filtered, and concentrated to afford ca 2.5 g of a pale
yellow oil. A solution of this material in 40 mL of CH 2Cl 2 was deposited onto 10 g of silica gel
and the resulting free flowing powder was transferred to the top of a column of 100 g of silica
gel. Gradient elution with 25-30% EtOAc-hexanes afforded 0.757 g (81%) of 163 as a colorless
oil: IR (neat) 6 3335, 3016, 2933, 2858, 1626, 1437, 1378, 1143, 1064, 986, 926, and 763 cm-1;
IH NMR (500 MHz, CDC 3) 6 5.99-6.06 (m, 2 H), 5.52-5.62 (m, 2 H), 3.65 (app q, J= 6.5 Hz, 2
H), 2.10 (app q, J= 7.5 Hz, 2 H), 1.74 (d, J= 6.0 Hz, 3 H), 1.55-1.62 (m, 2 H), 1.44-1.49 (m, 2
H), 1.21 (t, J = 5.5 Hz, 1 H); 13C NMR (125 MHz, CDCl3 ) 6 131.8, 131.7, 130.8, 127.2, 62.9,
32.40, 32.38, 25.7, 18.2; HRMS (DART) m/z [M+NH4]* calcd for C9H160: 158.1539; found:
158.1530.
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N-(Cyanomethyl)-1,1,1-trifluoro-N-((5E,7E)-nonadien-1-yl)methanesulfonamide
(171). A 50-mL, recovery flask equipped with an rubber septum and argon inlet needle was
charged with alcohol 163 (0.707 g, 5.04 mmol, 1.0 equiv), HN(Tf)CH 2CN (1.04 g, 5.54 mmol,
1.1 equiv), 20 mL of THF, and PPh3 (1.59 g, 6.05 mmol, 1.2 equiv). DIAD (1.19 mL, 1.23 g,
6.05 mmol, 1.2 equiv) was added dropwise via syringe over 4 min and the reaction mixture was
stirred at rt for 1.5 h and then concentrated to give ca 6 g of a yellow oil. A solution of this
material in 50 mL of CH 2Cl 2 was deposited onto 10 g of silica gel and transferred to the top of a
column of 150 g of silica gel. Elution with 13% EtOAc-hexanes provided 1.30 g (83%) of 171
as a viscous, colorless oil: IR (neat) 3373, 3018, 2938, 2860, 1439, 1398, 1355, 1231, 1197,
1143, 1108, 1038, 990, 919, 901, 782, 748, 729, and 613 cm-1; IH NMR (500 MHz, CDCl 3) 6
6.00-6.06 (m, 2 H), 5.59-5.66 (m, 1 H), 5.47-5.53 (m, 1 H), 4.32 (br s, 2 H), 3.54 (br s, 2 H), 2.13
(app q, J= 7.0 Hz, 2 H), 1.75 (d, J= 6.0 Hz, 3 H), 1.68-1.72 (m, 2 H), 1.43-1.49 (m, 2 H); 13C
NMR (125 MHz, CDCl 3) 6 131.7, 131.4, 130.2, 128.0, 119.8 (q, J= 321 Hz), 113.3, 49.3, 35.8,
31.8, 26.8, 25.9, 18.2; HRMS (DART) m/z [M+Na]* calcd for C12 H17F3N2 0 2 S: 333.0855; found:
333.0866.
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(E)-5,7-octadienyliminoacetonitrile (172). A 50-mL, recovery flask equipped with a
rubber septum and argon inlet needle was charged with Cs 2CO 3 (2.96 g, 9.08 mmol, 4.0 equiv)
and a solution of triflamide 171 (0.704 g, 2.27 mmol, 1.0 equiv) in 15 mL of THF. The reaction
mixture was heated at 50 *C for 1.5 h, allowed to cool to rt, and then diluted with 25 mL of ether
and 20 mL of H20. The aqueous phase was separated and extracted with three 20-mL portions
of ether and the combined organic phases were washed with 30 mL of satd aq NaCl solution,
dried over K2 C0 3, filtered, and concentrated to afford 0.424 g of a yellow oil. Column
chromatography on 15 g of Et3N-deactivated silica gel (5% EtOAc-hexanes containing 1% Et3N)
afforded 0.364 g (9 1%) of 172 (78:22 mixture of E and Z isomers by 1H NMR analysis) as a pale
yellow oil: For the E isomer: IR (neat) 3016, 2935, 2856, 1624, 1439, 1378, 1328, 1141, 1062,
989, and 734 cm-1. IH NMR (500 MHz, CDCl3) 6 7.37 (t, J= 1.5 Hz, 1 H), 5.98-6.05 (m, 1 H),
5.49-5.63 (m, 2 H), 3.65 (td, J= 7.0, 1.0 Hz, 2 H), 2.08-2.14 (m, 2 H), 1.67-1.76 (m, 5 H), 1.40-
1.48 (m, 2 H); 13C NMR (125 MHz, CDCl 3) 6 135.8, 131.6, 131.12, 131.0, 127.5, 114.6, 63.0,
32.18, 29.45, 26.9, 18.2; HRMS (ESI) m/z [M+H]* calcd for C1 1H16N2 : 177.1386; found:
177.1393; For the Z isomer: 'H NMR (500 MHz, CDCl3) 6 7.38 (t, J= 2.0 Hz, 1 H), 5.98-6.05
(m, 1 H), 5.49-5.63 (m, 2 H), 3.84 (td, J= 7.0, 2.0 Hz, 2 H), 2.08-2.14 (m, 2 H), 1.67-1.76 (m, 5
H), 1.40-1.48 (m, 2 H); 13C NMR (125 MHz, CDCl 3) 6 131.6, 131.4, 131.10, 131.07, 127.4,
109.5, 59.8, 32.20, 29.50, 27.0, 18.2.
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Experimental Procedures for
Enantioselective [4 + 21 Cycloadditions
of Iminoacetonitriles
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261 140e
(S)-3,3'-Bis(2,4,6-triisopropylphenyl)-1,1'-binaphthyl-2,2'-diyl hydrogenphosphate
(140e). 221 A 100-mL, recovery flask equipped with a rubber septum and argon inlet needle was
charged with a solution of BINOL derivative 261 (1.68 g, 2.44 mmol, 1.0 equiv) in 30 mL of
pyridine. POC13 (1.34 mL, 2.24 g, 14.6 mmol, 6.0 equiv) was added dropwise via syringe over
ca. 1 min and the rubber septum was replaced with a reflux condenser fitted with an argon inlet
adapter. The reaction mixture was stirred at 70 'C for 15 h, allowed to cool to rt, and 15 mL of
water was added through the condenser. The resulting mixture was stirred at 70 'C for 4 h,
allowed to cool to rt over 20 min, and diluted with 100 mL of CH 2Cl 2 and 50 mL of 1 M aq HCl
solution. The aqueous phase was separated and extracted with three 20-mL portions of CH2Cl2,
and the combined organic phases were washed with two 50-mL portions of 6 M aq HCl solution,
dried over Na2SO 4, filtered, and concentrated to afford 1.91 g of a white solid. A solution of this
material in 50 mL of CH2Cl2 was deposited onto 10 g of silica gel and transferred to the top of a
column of 100 g of silica gel. Gradient elution with 20-85% EtOAc-hexanes afforded 1.79 g of a
foamy white solid. A 100-mL, recovery flask was charged with a solution of this material in 30
mL of Et20 and 10 mL of 6 M aq HCl. The resulting biphasic solution was stirred at rt for 2 h.
221 This is a modification of previously reported literature procedures: (a) Klussmann, M.; Ratjen, L.; Hoffmann, S.;
Wakchaure, V.; Goddard, R.; List, B. Synlett. 2010, 2189-2192. Liu, W.-J.; Chen, X.-H.; Gong, L.-Z. Org. Lett.
2008, 10, 5357-5360.
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The organic layer was separated and washed with 20 mL of 6 M aq HCl, dried over Na2 SO 4,
filtered, and concentrated to afford 1.68 g of a pale yellow solid. A solution of this material in
10 mL of EtOH was added dropwise to 50 mL of cold (0 C) 6 M aq HCl with stirring. The
resulting white powder was collected by vacuum filtration on a Bnchner funnel, washed with two
10-mL portions of ice-cold H2 0, transferred to a 20-mL scintillation vial, and dried over P20 5
under vacuum (rt, 0.02 mmHg) for 48 h to afford 1.49 g (81%) of 140e as a white solid with
spectral properties consistent with those previously reported for this compound: 222 mp 216-219
'C; IR (thin film, CH2Cl2): 3561, 2961, 2930, 2869, 1606, 1461, 1410, 1363, 1238, 1207, 1197,
1021, 907, and 734 cm-1; 'H NMR (500 MHz, CDCl 3) 6 7.89 (d, J = 8.0 Hz, 2 H), 7.82 (s, 2 H),
7.51 (ddd, J= 7.8, 6.3, and 1.5 Hz, 2 H), 7.30-7.35 (in, 4 H), 6.94 (d, J= 3.5 Hz, 4 H), 4.57 (br s,
1 H), 2.84 (sept, J= 6.5 Hz, 2 H), 2.58 (sept, J= 7.0 Hz, 2 H), 2.53 (sept, J= 6.5 Hz, 2 H), 1.23
(d, J= 6.5 Hz, 6 H), 1.22 (d, J= 7.0 Hz, 6 H), 1.06 (d, J= 6.5 Hz, 6 H), 0.98 (d, J= 6.5 Hz, 6 H),
0.91 (d, J= 6.5, 6 H), 0.76 (d, J= 5.5 Hz, 6 H); 13C NMR (125 MHz, CDCl 3) 6 148.5, 148.0,
147.5, 146.1 (d, J= 9.1 Hz), 132.8, 132.5 (d, J= 3.5 Hz), 131.4, 131.1 (d, J= 1.3 Hz), 128.3,
127.6, 126.3, 125.8, 122.2 (d, J= 1.8 Hz), 121.3, 120.4, 34.4, 31.1, 30.8, 26.5, 25.2, 24.3, 24.1,
23.4, 23.0; 31P NMR (121 MHz, CDCl 3) 6 3.1; HRMS (DART) m/z [M-H]~ calcd for C50H57 0 4P
751.3921, found 751.3921.
222(a) Seayad, J.; Seayad, A. M.; List, B. J. Am. Chem. Soc. 2006, 128, 1086-1087. (b) Cheon, C. H.; Yamamoto, H.
J. Am. Chem. Soc. 2008, 130, 9246-9247.
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Procedure for the Recovery of 140e
After each cycloaddition, the aqueous phase generated in the workup was acidified (pH =
1) using 6 M aq HCl solution and extracted with three 50-mL portions of CH 2C12. The combined
organic phases were dried over Na2SO 4 and filtered. In addition, the silica gel used for filtration
(vida infra) was flushed with 10% MeOH-CHCl 3 until the eluting filtrate showed no UV activity
by TLC analysis. The filtrate was combined with the organic extracts obtained above and stored.
Batches of recovered TRIP from several cycloadditions were combined to afford ca. 2.6 g
of a yellow solid (theoretical recovery 2.13 g of TRIP). The solid was dissolved in 100 mL of
Et2O and washed with two 20-mL portions of 1 M aq NaOH solution. The combined aqueous
phases were back-extracted with three 20-mL portions of Et20. The combined organic phases
were dried over Na2 SO 4, filtered, and concentrated to afford a yellow solid. A solution of this
material in 100 mL of CH 2Cl2 was deposited onto 10 g of silica gel, and the resulting free-
flowing powder was transferred to the top of a column of 150 g of silica gel. Gradient elution (2-
8% i-PrOH-CH 2Cl 2) afforded ca. 2 g of a white solid. This material was dissolved in 80 mL of a
3:1 Et20-6 M aq HCl and stirred for 2 h at rt. The aqueous phase was separated and extracted
with three 20-mL portions of Et20. The combined organic phases were concentrated to afford a
white solid. A solution of this material in 10 mL of EtOH was added dropwise to 100 mL of 6 M
aq HCl. The resulting precipitate was collected via suction filtration on a Buchner funnel,
transferred to a 20-mL vial, and dried under vacuum over P205 at rt for 48 h to afford 1.87 g
(88%) of TRIP (140e) as a white powder with spectral data consistent with that reported
previously (vida supra).
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129 130
Enantioselective Cycloaddition Promoted by Stoichiometric TRIP.
2-(tert-Butyldiphenylsiloxymethyl)-1,2-didehydro-4-cyanoquinolizidine (130). A 25-
mL, three-necked, round-bottomed flask equipped with two rubber septa, an argon inlet adapter,
and a thermocouple probe was charged with 4 A molecular sieves (ca. 0.070 g) and a solution of
iminoacetonitrile 129 (0.150 g, 0.348 mmol, 1.0 equiv) in 2 mL of CH 2Cl 2. The reaction mixture
was cooled at -78 'C while a solution of (S)-TRIP (0.262 g, 0.348 mmol, 1.0 equiv) in 1.5 mL of
CH 2Cl2 was added dropwise at a rate such that the internal temperature did not rise above -70 'C.
The flask was transferred to a cold bath maintained at -25 *C and the reaction mixture was stirred
at -25 'C for 2 h. The resulting mixture was diluted with 20 mL of CH 2Cl 2 and 20 mL of 10%
NaOH solution and the aqueous phase was separated and extracted with three 20-mL portions of
CH 2Cl2 . The combined organic phases were washed with 30 mL of satd NaCl solution, dried
over MgSO 4, filtered, and concentrated to afford ca. 0.5 g of a white solid. This material was
filtered through 12 g of Et3N-deactivated silica gel with the aid of 300 mL of 1% Et3N/10%
EtOAc-hexanes. Concentration of the filtrate afforded 0.151 g of an orange oil, which was
dissolved in 5 mL of CH 3CN and transferred to a 25-mL recovery flask equipped with a rubber
septum and argon inlet needle. The solution was stirred at 55 *C for 1.5 h, allowed to cool to rt,
and concentrated to afford an orange oil. Column chromatography on 15 g of Et 3N-deactivated
silica gel (elution with 1% Et3N/10% EtOAc-hexanes) afforded 0.130 g (87%) of 130 (90:10 er)
as a pale orange oil: [a]2 5D +5.72 (c 1.0, CHC13); IR (thin film, CH2Cl2) 3072, 3051, 2934, 2857,
2810, 2770, 2253, 2223, 1589, 1472, 1463, 1452, 1442, 1428, 1361, 1265, 1195, 1156, 1113,
242
1067, 1027, 910, 862, 824, 809, 737, 703, and 614 cm-1; 'H NMR (500 MHz, CDC13) 6 7.67-
7.69 (m, 4 H), 7.38-7.46 (m, 6 H), 5.47 (s, 1 H), 4.09 (s, 2 H), 3.86 (d, J = 6.0 Hz, 1 H), 2.86
(dm, J= 10.0 Hz, 1 H), 2.77 (dm, J = 11.0 Hz, 1 H), 2.67 (dm, J= 17.0 Hz, 1 H), 2.53 (td, J=
12.0, 2.0 Hz, 1 H), 2.26 (d, J= 17.0 Hz, 1 H), 1.80-1.85 (m, 1 H), 1.72-1.76 (m, 2 H), 1.65 (qt, J
= 12.5, 4.0 Hz, 1 H), 1.37-1.47 (m, 1 H), 1.25-1.34 (m, 1 H), 1.06 (s, 9 H); 13 C NMR (125 MHz,
CDC13) 6 135.7, 135.6, 133.6, 133.5, 131.5, 129.88, 129.86, 127.89, 127.87, 124.4, 116.9, 66.5,
56.7, 54.0, 52.3, 32.0, 29.9, 27.0, 25.9, 24.7, 19.4; Anal. Calcd for C27H34N2OSi: C, 75.30; H,
7.96; N, 6.50; Found: C,75.48; H, 8.11; N, 6.35.
The enantiomeric purity of the cycloadduct was determined by 'H NMR analysis of the
salt formed by reaction with (R)-(-)-1,1 '-binaphthyl-2,2'-diylphosphoric acid. The phosphoric
acid (0.010 g, 0.029 mmol, 1.2 equiv) was added to a solution of the purified product (0.010 g,
0.023 mmol, 1.0 equiv) in 0.9 mL of 8:1 CDCl3-CD30D. An enantiomeric ratio of 90:10 was
determined by averaging the ratio of integrals for the following resonances: 5.42 ppm (s) and
5.30 ppm (s), 9:91; 4.46 ppm (d, J= 7.0 Hz) and 4.42 ppm (d, J= 6.0 Hz), 11:89; 2.22 ppm (d, J
= 17.5 Hz) and 2.13 ppm (d, J= 18.0 Hz), 9:91 ratio.
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Enantioselective Cycloaddition Catalyzed by TRIP.
2-(tert-Butyldiphenylsiloxymethyl)-1,2-didehydro-4-cyanoquinolizidine (130). A 25-
mL, three-necked, round-bottomed flask equipped with two rubber septa, an argon inlet adapter,
and a thermocouple probe was charged with 4 A molecular sieves (ca. 0.091 g) and a solution of
iminoacetonitrile 129 (0.150 g, 0.348 mmol, 1.0 equiv) in 1 mL of CH2Cl 2 . The reaction mixture
was cooled at -78 'C while a solution of (S)-TRIP (0.079 g, 0.104 mmol, 0.3 equiv) in 2 mL of
CH 2Cl2 was added dropwise at a rate such that the internal temperature did not rise above -70 'C.
The flask was transferred to a cold bath maintained at -25 *C and the reaction mixture was stirred
at -25 'C for 2 h. The cryocool was deactivated and the reaction flask was left submerged in the
cold bath. The reaction mixture was allowed to warm to 15 *C over 4 h, stirred at 15 'C for 17 h,
allowed to warm to rt over 10 min, and stirred at rt for 9 h. The resulting mixture was diluted
with 20 mL of CH 2Cl 2 and 20 mL of 10% NaOH solution and the aqueous phase was separated
and extracted with three 20-mL portions of CH 2Cl 2. The combined organic phases were washed
with 30 mL of satd NaCl solution, dried over MgSO 4 , filtered, and concentrated to afford ca. 0.5
g of a white solid. This material was filtered through 20 g of Et3N-deactivated silica gel with the
aid of 400 mL of 1% Et3N/10% EtOAc-hexanes. Concentration of the filtrate afforded 0.145 g of
an orange oil which was dissolved in 7 mL of CH 3CN and transferred to a 25-mL, recovery flask
equipped with a rubber septum and argon inlet needle. The solution was stirred at 55 *C for 1.5
h, allowed to cool to rt, and concentrated to afford an orange oil. Column chromatography on 15
g of Et 3N-deactivated silica gel (elution with 1% Et3N/10% EtOAc-hexanes) afforded 0.121 g
247
(80%) of 130 (87:13 er) as a pale orange oil with spectral data consistent with those previously
reported for this compound.223
The enantiomeric purity of the cycloadduct was determined by 1H NMR analysis of the
salt formed by reaction with (R)-(-)-1,1'-binaphthyl-2,2'-diylphosphoric acid. The phosphoric
acid (0.010 g, 0.028 mmol, 1.2 equiv) was added to a solution of the purified product (0.010 g,
0.023 mmol, 1.0 equiv) in 0.9 mL of 8:1 CDC13-CD 30D. An enantiomeric ratio of 87:13 was
determined by averaging the ratio of integrals for the following resonances: 5.52 ppm (s) and
5.39 ppm (s), 13:87; 4.63 ppm (d, J= 6.5 Hz) and 4.57 ppm (d, J= 6.0 Hz), 14:86.
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223 For spectral data see pp 242-245.
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(4R*,10S*)-2-(2,4,6-trimethylbenzoyl)-1,2-didehydro-4-cyanoquinolizidine (178). A
25-mL, three-necked, round-bottomed flask equipped with two rubber septa, an argon inlet
adapter, and a thermocouple probe was charged with 4 A molecular sieves (ca. 0.091 g) and a
solution of iminoacetonitrile 168 (0.150 g, 0.462 mmol, 1.0 equiv) in 2 mL of CH2 C12 . The
reaction mixture was cooled at -78 *C while a solution of (S)-TRIP (0.350 g, 0.464 mmol, 1.0
equiv) in 2.5 mL of CH2Cl2 was added dropwise at a rate such that the internal temperature did
not rise above -70 'C. The flask was transferred to a cold bath maintained at -25 .C and the
reaction mixture was stirred at -25 'C for 2 h. The resulting mixture was diluted with 20 mL of
CH2Cl2 and 20 mL of 10% NaOH solution and the aqueous phase was separated and extracted
with three 20-mL portions of CH2Cl 2 . The combined organic phases were washed with 30 mL of
satd NaCl solution, dried over MgSO4, filtered, and concentrated to afford ca. 0.5 g of a white
solid. This material was filtered through 40 g of Et3N-deactivated silica gel with the aid of 750
mL of 1% Et 3N/15% EtOAc-hexanes. Concentration of the filtrate afforded 0.157 g of an orange
oil which was dissolved in 7 mL of CH3CN and transferred to a 25-mL recovery flask equipped
with a rubber septum and argon inlet needle. The solution was stirred at 60 *C for 2 h, allowed
to cool to rt, and concentrated to afford an orange oil. Column chromatography on 20 g of Et3N-
deactivated silica gel (elution with 1% Et3N/15% EtOAc-hexanes) afforded 0.118 g (79%) of
178 (85:15 er) as a pale orange oil: mp =125-127 *C; [a]24D +30.3 (c 1.1, CHC 3); IR (neat) 2937,
2857, 2806, 2223, 1740, 1611, 1442, 1370, 1326, 1254, 1163, 1139, 1121, 1092, 1072, 1054,
1023, and 854 cm; H NMR (500 MHz, CDC 3) S 6.88 (s, 2 H), 5.47 (t, J= 2.0 Hz, 1 H), 3.93
250
(d, J= 6.0 Hz, 1 H), 3.18 (dddd, J= 16.5, 6.3, 5.3, 2.5 Hz, 1 H), 3.00-3.05 (m, 1 H), 2.81 (d, J=
11.0 Hz, 1 H), 2.56 (td, J= 10.0, 3.0 Hz, 1 H), 2.45 (dm, J= 18.0 Hz, 1 H), 2.35 (s, 6 H), 2.30 (s,
3 H), 1.62-1.86 (m, 4 H), 1.38-1.52 (m, 2 H); 13C NMR (125 MHz, CDC13) 6 167.7, 142.9,
140.0, 135.6, 129.9, 128.7, 116.9, 116.3, 55.8, 53.6, 52.6, 32.0, 31.7, 25.8, 24.4, 21.3, 20.1
HRMS (DART) m/z [M+H]* calcd for C2 0H2 4N 20 2 : 325.1911; found: 325.1919.
The enantiomeric purity of the cycloadduct was determined by 'H NMR analysis of the
salt formed by reaction with (R)-(-)-1,1'-binaphthyl-2,2'-diylphosphoric acid. The phosphoric
acid (0.013 g, 0.037 mmol, 1.2 equiv) was added to a solution of the purified product (0.010 g,
0.031 mmol, 1.0 equiv) in 0.95 mL of 18:1 CDC13-CD 30D. An enantiomeric ratio of 85:15 was
determined by averaging the ratio of integrals for the following resonances: 5.48 ppm (s) and
5.46 ppm (s), 15:85; 4.28 ppm (d, J= 6.5 Hz) and 4.19 ppm (d, J= 6.0 Hz), 14:86; 2.33 ppm (s)
and 2.31 ppm (s), 16:84.
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170 181
Enantioselective Cycloaddition Promoted by Stoichiometric TRIP.
(6aR*,7R*,11aS*)-7-Cyano-1,3,4,6,6,7,8,9,10,11-decahydro-2H-
benzo[b]quinolizidine (181). A 25-mL, three-necked, round-bottomed flask equipped with two
rubber septa, an argon inlet adapter, and a thermocouple probe was charged with 4 A molecular
sieves (ca. 0.140 g) and a solution of iminoacetonitrile 170 (0.150 g, 0..693 mmol, 1.0 equiv) in
3 mL of CH 2Cl 2 . The reaction mixture was cooled at -78 'C while a solution of (S)-TRIP (0.521
g, 0.693 mmol, 1.0 equiv) in 4 mL of CH2Cl 2 was added dropwise at a rate such that the internal
temperature did not rise above -70 'C. The flask was quickly transferred to a cold bath
maintained at -25 'C and the reaction mixture was stirred at -25 'C for 3.5 h. The resulting
mixture was diluted with 20 mL of CH 2Cl2 and 20 mL of 10% NaOH solution and the aqueous
phase was separated and extracted with three 20-mL portions of CH 2Cl 2. The combined organic
phases were washed with 30 mL of satd NaCl solution, dried over MgSO 4, filtered, and
concentrated to afford ca. 0.5 g of a white solid. This material was filtered through 30 g of Et3N-
deactivated silica gel with the aid of 400 rnL of 1% Et 3N/10% EtOAc-hexanes. Concentration of
the filtrate afforded 0.165 g of an orange oil which was dissolved in 10 mL of CH 3CN and
transferred to a 25-mL recovery flask equipped with a rubber septum and argon inlet needle.
The solution was stirred at 55 *C for 2 h, allowed to cool to rt, and concentrated to afford an
orange oil. Column chromatography on 15 g of Et 3N-deactivated silica gel (elution with 1%
Et3N/10% EtOAc-hexanes) afforded 0.132 g (88%) of 181 (93:7 er) as a pale orange oil with
255
spectral data consistent with those previously reported for this compound:22 4 [a]24D +18.4 (c 1.2,
CHCl 3); IR 3016, 2933, 2856, 2807, 2763, 2222, 1682, 1443, 1325, 1306, 1218, 1192, 1175,
1130, 882, 831, and 756 cm-1; IH NMR (500 MHz, CDCl3) 65.15 (s, 1 H), 3.44 (s, 1 H), 2.75 (d,
J= 11.0 Hz, 1 H), 2.67 (d, J= 10.5 Hz 1 H), 2.45 (td, J= 11.5, 2.5 Hz, 1 H), 2.20-2.23 (m, 2 H),
1.94-1.99 (m, 1 H), 1.82-1.85 (m, 2 H), 1.74-1.79 (m, 2 H), 1.57-1.70 (m, 4 H), 1.48 (qt, J =
13.5, 4.0 Hz, 1 H), 1.33-1.43 (m, 1 H), 1.22-1.32 (m, 2 H); 13C NMR (125 MHz, CDCl 3) 6 136.8,
121.0, 117.4, 58.4, 56.3, 54.0, 43.5, 35.4, 34.0, 32.7, 28.7, 26.6, 26.0, 24.6.
The enantiomeric purity of the cycloadduct was determined by 'H NMR analysis of the
salt formed by reaction with (R)-(-)-1,1 '-binaphthyl-2,2'-diylphosphoric acid. The phosphoric
acid (0.019 g, 0.055 mmol, 1.2 equiv) was added to a solution of the purified product (0.010 g,
0.046 mmol, 1.0 equiv) in 0.85 mL of 16:1 CDCl3-CD 30D. An enantiomeric ratio of 93:7 was
determined by the ratio of integrals for the following resonances: 4.33 ppm (s) and 4.24 ppm (s),
7:93.
224 Cycloadduct 181 was prepared in racemic form by Kevin Maloney; see Ref. 201, pp 168-169 for full details.
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Enantioselective Cycloaddition Catalyzed by TRIP
(6aR*,7R*,11aS*)-7-Cyano-1,3,4,6,6,7,8,9,10,11-decahydro-2H-
benzo[bquinolizidine (181). A 25-mL, three-necked, round-bottomed flask equipped with two
rubber septa, an argon inlet adapter, and a thermocouple probe was charged with 4 A molecular
sieves (ca. 0.184 g) and a solution of iminoacetonitrile 170 (0.092 g, 0.425 mmol, 1.0 equiv) in
1.5 mL of CH 2Cl 2. The reaction mixture was cooled at -78 'C while a solution of (S)-TRIP
(0.096 g, 0.128 mmol, 0.3 equiv) in 2 mL of CH 2Cl 2 was added dropwise at a rate such that the
internal temperature did not rise above -70 'C. The flask was transferred to a cold bath
maintained at -25 *C and the reaction mixture was stirred at -25 'C for 2 h. The cryocool was
deactivated and the reaction flask was left submerged in the cold bath. The reaction mixture was
allowed to warm to 15 'C over 2.5 h, stirred at 15 *C for 8 h, allowed to warm to rt over 10 min,
and stirred at rt for 10 h. The resulting mixture was diluted with 20 mL of CH 2Cl 2 and 20 mL of
10% NaOH solution and the aqueous phase was separated and extracted with three 20-mL
portions of CH 2Cl2 . The combined organic phases were washed with 30 mL of satd NaCl
solution, dried over MgSO 4, filtered, and concentrated to afford ca. 0.4 g of a white solid. This
material was filtered through 15 g of Et3N-deactivated silica gel with the aid of 400 mL of 1%
Et3N/10% EtOAc-hexanes. Concentration of the filtrate afforded 0.085 g of an orange oil which
was dissolved in 5 mL of CH3CN and transferred to a 25-mL recovery flask equipped with a
rubber septum and argon inlet needle. The solution was stirred at 55 *C for 2 h, allowed to cool
to rt, and concentrated to afford an orange oil. Column chromatography on 10 g of Et3N-
260
deactivated silica gel (elution with 1% Et3N/5% EtOAc-hexanes) afforded 0.068 g (74%) of 181
(93:7 er) as a pale orange oil with spectral data consistent with those previously reported for this
compound.
The enantiomeric purity of the cycloadduct was determined by 'H NMR analysis of the
salt formed by reaction with (R)-(-)-1,1'-binaphthyl-2,2'-diylphosphoric acid. The phosphoric
acid (0.019 g, 0.055 mmol, 1.2 equiv) was added to a solution of the purified product (0.010 g,
0.046 mmol, 1.0 equiv) in 0.9 mL of 8:1 CDCl 3-CD 30D. An enantiomeric ratio of 97:3 was
determined by the ratio of integrals for the following resonances: 4.27 ppm (s) and 4.18 ppm (s),
3:97; 4.63 ppm (d, J= 6.5 Hz) and 4.57 ppm (d, J= 6.0 Hz), 14:86.
261
225 For spectral data see pp 255-258.
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(3R*,4R*,10S*)-4-Cyano-1,2-didehydro-3-methylquinolizidine (182). A 25-mL,
three-necked, round-bottomed flask equipped with two rubber septa, an argon inlet adapter, and a
thermocouple probe was charged with 4 A molecular sieves (ca. 0.170 g) and a solution of
iminoacetonitrile 172 (0.150 g, 0.851 mmol, 1.0 equiv) in 2 mL of CH 2Cl2. The reaction mixture
was cooled at -78 'C while a solution of (S)-TRIP (0.641 g, 0.851 mmol, 1.0 equiv) in 6 mL of
CH 2Cl 2 was added dropwise at a rate such that the internal temperature did not rise above -70 'C.
The flask was quickly transferred to a cold bath maintained at -25 'C and the reaction mixture
was stirred at -25 *C for 72 h. The resulting mixture was diluted with 20 mL of CH 2Cl2 and 20
mL of 10% NaOH solution and the aqueous phase was separated and extracted with three 20-mL
portions of CH 2Cl2. The combined organic phases were washed with 30 mL of satd NaCl
solution, dried over MgSO 4, filtered, and concentrated to afford ca. 1 g of a white solid. This
material was filtered through 60 g of Et3N-deactivated silica gel with the aid of 550 mL of 1%
Et3N/10% EtOAc-hexanes. Concentration of the filtrate afforded 0.141 g of an orange oil which
was dissolved in 7 mL of CH3CN and transferred to a 25-mL recovery flask equipped with a
rubber septum and argon inlet needle. The solution was stirred at 55 'C for 2 h, allowed to cool
to rt, and concentrated to afford an orange oil. Column chromatography on 20 g of Et3N-
deactivated silica gel (elution with 1%Et3N/10% EtOAc-hexanes) afforded 0.111 g (74%) of 182
(93:7 er) as a pale orange oil: [a]24 D +48.8 (c 1.0, CHCl3); IR (neat) 3031, 2935, 2857, 2807,
2779, 2745, 2218, 1660, 1453, 1398, 1358, 1334, 1319, 1298, 1271, 1236, 1182, 1130, 1115,
1041, 1012, 982, 907, 881, 847, 801, and 745 cm'1; 'H NMR (500 MHz, CDC 3) 8 5.59 (ddd, J=
263
10.3, 4.5, 2.0 Hz, 1 H), 5.47 (d, J= 10.0 Hz, 1 H), 3.44 (s, 1 H), 2.81 (dt, J= 11.5, 1.5 Hz, 1 H),
2.65 (dm, J= 11.0 Hz, 1 H), 2.45-2.52 (m, 2 H), 1.79-1.82 (m, 1 H), 1.58-1.73 (m, 3 H), 1.40 (qt,
J = 13.0, 4.0 Hz, 1 H), 1.23-1.31 (m, 1 H), 1.20 (d, J = 7.0 Hz, 3 H); 13C NMR (125 MHz,
CDC13) 6 129.6, 126.6, 117.2, 58.1, 57.3, 54.3, 35.2, 32.1, 26.0, 24.9, 20.3; HRMS (ESI) m/z
[M+H]* caled for C11H16N2 : 177.1386; found: 177.1381.
The enantiomeric purity of the cycloadduct was determined by 1H NMR analysis of the
salt formed by reaction with (R)-(-)-1,1'-binaphthyl-2,2'-diylphosphoric acid. The phosphoric
acid (0.024 g, 0.068 mmol, 1.2 equiv) was added to a solution of the purified product (0.010 g,
0.057 mmol, 1.0 equiv) in 0.95 mL of 18:1 CDCl3-CD 30D. An enantiomeric ratio of 93:7 was
determined by the ratio of integrals for the following resonances: 1.30 ppm (d, J = 7.0 Hz) and
1.24 ppm (d, J= 7.0 Hz), 7:93.
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166 183a 183b
7-(tert-Butyldiphenylsiloxymethyl)-trans-7,8-didehydro-5-cyanoindolizidine (183a)
and 7-(tert-butyldiphenylsiloxymethyl)-cis-7,8-didehydro-5-cyanoindolizidine (183b). A
25-mL, three-necked, round-bottomed flask equipped with two rubber septa, an argon inlet
adapter, and a thermocouple probe was charged with 4 A molecular sieves (ca. 0.072 g) and a
solution of iminoacetonitrile 166 (0.149 g, 0.358 mmol, 1.0 equiv) in 2 mL of CH 2Cl2 . The
reaction mixture was cooled at -78 'C while a solution of (S)-TRIP (0.271 g, 0.360 mmol, 1.0
equiv) in 2 mL of CH 2Cl2 was added dropwise at a rate such that the internal temperature did not
rise above -70 'C. The flask was quickly transferred to a cold bath maintained at -25 'C and the
reaction mixture was stirred at -25 'C for 16 h. The resulting mixture was diluted with 20 mL of
CH 2Cl 2 and 20 mL of 10% NaOH solution and the aqueous phase was separated and extracted
with three 20-mL portions of CH 2Cl 2 . The combined organic phases were washed with 30 mL of
satd NaCl solution, dried over MgSO 4, filtered, and concentrated to afford ca. 0.5 g of a white
solid. Column chromatography on 20 g of Et3N-deactivated silica gel (elution with
1%Et 3N/20% EtOAc-hexanes) afforded 0.132 g (89%) of 183a and 183b (86:14 dr, 72:28 er) as
a pale orange oil: [a]2 4 D +5.9 (c 1.3, CHCl3); IR (neat) 3050, 3072, 3017, 2960, 2931, 2857,
2247, 2209, 1962, 1893, 1826, 1589, 1472, 1462, 1428, 1391, 1380, 1361, 1264, 1217, 1166,
1113, 1083, 1007, 999, 824, 758, 703, and 614 cm-1; For 183a 1H NMR (500 MHz, CDCl 3) 6
7.67-7.68 (m, 4 H), 7.38-7.46 (m, 6 H), 5.68 (d, J= 1.0 Hz, 1 H), 4.09 (s, 2 H), 3.88 (dd, J= 8.5,
5.0 Hz, 1 H), 3.42-3.46 (m, 1 H), 2.94-3.01 (m, 2 H), 2.44 (dd, J= 16.5, 8.0 Hz, 1 H), 2.31-2.35
(m, 1 H), 1.78-2.06 (m, 4 H), 1.59-1.67 (m, 1 H), 1.07 (s, 9 H); 13C NMR (125 MHz, CDCl 3) 6
268
135.8, 135.72, 135.69, 130.0, 127.9, 123.8, 117.2, 66.7, 59.1, 49.3, 47.9, 30.2, 27.1, 27.01, 23.0,
19.5; HRMS (ESI) m/z [M+H]* calcd for C26H32N2 OSi: 417.2357; found: 417.2358. For 183b:
'H NMR (500 MHz, CDC13) 6 7.67-7.68 (m, 4 H), 7.38-7.46 (m, 6 H), 5.79 (s, 1 H), 4.15 (d, J=
6.0 Hz, 1 H), 3.05-3.14 (m, 1 H), 2.57-2.70 (m, 2 H), 1.43-1.50 (m, 1 H), 1.07 (s, 9 H); 13 C NMR
(125 MHz, CDC13) 6 133.6, 133.54, 133.50, 132.7, 132.6, 129.9, 128.0, 122.5, 120.1, 66.7, 56.7,
49.8, 29.6, 28.9, 26.99, 21.7.
The enantiomeric purity of the cycloadduct was determined by 'H NMR analysis of the
salt formed by reaction with (R)-(-)-1,1'-binaphthyl-2,2'-diylphosphoric acid. The phosphoric
acid (0.010 g, 0.029 mmol, 1.2 equiv) was added to a solution of the purified product (0.010 g,
0.024 mmol, 1.0 equiv) in 0.95 mL of 18:1 CDCl3-CD 30D. An enantiomeric ratio of 72:28 was
determined by the ratio of integrals for the following resonances: 4.57 ppm (t, J = 5.5 Hz) and
4.51 ppm (t, J= 5.5 Hz), 28:72.
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Experimental Procedures for
the Total Synthesis of (-)-Quinolizidine 207 I
273
Et
HO - Et
SiMe3  SiMe3
219
1-Ethyl-1-(trimethylsilyl)allene (219). A 500-mL, three-necked, round-bottomed flask
equipped with a glass stopper, rubber septum fitted with a thermocouple probe, and a 125-mL
pressure-equalizing dropping funnel fitted with a rubber septum and an argon inlet needle was
charged with 3-(trimethylsilyl)prop-2-yn-1-ol (31.3 mL, 27.1 g, 211 mmol, 1.0 equiv) and 100
mL of THF. The solution was cooled at 0 *C and MeMgCl (3.12 M in THF, 70.5 mL, 222
mmol, 1.05 equiv) was added dropwise at a rate such that the internal temperature did not
increase above 10 C. The addition required 1.5 h, and the resulting gray-pale yellow mixture
was stirred at 0 *C for 30 min and then cooled at -78 *C while MsCl (17.0 mL, 25.2 g, 222
mmol, 1.05 equiv) was added dropwise via syringe over 10 min. The resulting mixture was
stirred at -78 *C for 30 min, allowed to warm to rt over 1 h, and then stirred at rt for 1 h.
A 2-L, three-necked, round-bottomed flask equipped with glass stopper, rubber septum
fitted with a thermocouple probe, and a 250-mL pressure-equalizing dropping funnel fitted with
a rubber septum and argon inlet needle was charged with CuBr (31.8 g, 222 mmol, 1.05 equiv)
and LiBr (19.3 g, 222 mmol, 1.05 equiv). The flask was evacuated (ca. 0.1 mmHg), briefly
heated with a Bunsen burner, and then allowed to cool to rt under argon. The glass stopper was
replaced with a mechanical stirrer, and 230 mL of THF was added dissolving the majority of the
solids. The resulting green solution was cooled at -70 *C while EtMgCl (1.74 M in THF, 121
mL, 211 mmol, 1.0 equiv) was added dropwise over 25 min at a rate such that the internal
temperature did not increase above -50 *C. The resulting red-brown solution was stirred at -50
*C for 20 min and then cooled at -70 'C. The solution of the mesylate derivative of 3-
(trimethylsilyl)prop-2-yn-1-ol prepared above was transferred dropwise via cannula over 1.5 h
274
into the reaction mixture. The resulting black solution was stirred at -78 *C for 30 min, allowed
to warm to rt over ca. 30 min, and then stirred at rt for 2 h. The reaction mixture was then
poured into a 2-L Erlenmeyer flask containing a magnetically-stirred mixture of 400 mL of
pentane, 200 mL of water, and 200 mL of satd NH4C1 solution. The organic phase was separated
and washed with two 200-mL portions of satd NH4Cl solution, ten 1 -L portions of water, and
100 mL of satd NaCl solution, dried over Na 2 SO 4 , filtered, and concentrated by short-path
distillation at atmospheric pressure. The residual yellow-orange liquid was distilled under
reduced pressure through a 10-cm vacuum-jacketed Vigruex column topped with a Perkin
triangle. A forerun (ca. 5 mL) was collected and discarded, and further distillation provided 17.5
g of 219 (contaminated with 5% of 1-trimethylsilyl- 1 -pentyne) as a colorless liquid: bp 69-73 'C
(100 Torr).
This material was dissolved in 220 mL of 10:1 MeOH:H 20. AgNO 3 (3.18 g, 125 mmol,
0.15 equiv) was added in one portion and the resulting mixture was stirred at rt for 1 h. The
reaction mixture was then diluted with 200 mL of pentane and the lower MeOH/H 20 phase was
separated and extracted with three 100-mL portions of pentane. The combined organic phases
were washed 100 mL of satd NaCl solution, dried over Na 2SO 4 , filtered, and concentrated by
atmospheric distillation. The residual orange liquid was distilled as above to afford 13.70 g
(46%) of 219 as a colorless liquid: bp 69-73 *C (100 Torr); IR (neat) 2900, 2178, 1927, 1461,
1407, 1377, 1249, 1096, 1045, 1005, 932, 840, 754, and 692 cm-1; 'H NMR (500 MHz, CDCl3 ) 6
4.36 (t, J= 3.5 Hz, 2 H), 1.98 (qt, J= 7.5, 4.0 Hz, 2 H), 1.06 (t, J= 7.5 Hz, 3 H), 0.10 (s, 9 H);
13C NMR (125 MHz, CDCl 3) 6 208.3, 96.5, 69.5, 22.0, 13.7, -1.5; Anal. Calcd for C8Hi6Si: C,
68.49; H, 11.49; Found: C, 68.44; H, 11.39.
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216 215a 215b
97:3
N-(Cyanomethyl)-N-((E)-6-ethyl-5,7-octadienyl)trifluoromethanesulfonamide
(215a). A 100-mL, two-necked, round-bottomed flask equipped with a rubber septum and argon
inlet adapter was charged with 9-BBN (1.92 g, 15.7 mmol, 1.1 equiv) and 30 mL of THF. A
solution of allenylsilane 219226 (2.21 g, 15.7 mmol, 1.1 equiv) in 16 mL of THF was then added
dropwise via cannula over 25 min, and the resulting yellow solution was stirred at rt for 2 h and
then cooled to 0 *C.
A 250-mL, three-necked, pear-shaped flask equipped with rubber septum , glass stopper,
and argon inlet adapter was charged with a solution of aldehyde 216 (3.90 g, 14.3 mmol, 1.0
equiv) in 95 mL of THF and cooled at 0 'C, while the cold solution of the allylborane prepared
above was added dropwise via cannula over 1 h. The resulting mixture was stirred at 0 *C for 1
h and then concentrated H2SO 4 (0.30 mL, 5.4 mmol, 0.4 equiv) was added dropwise via syringe
over 1 min. The reaction mixture was stirred at 0 'C for 10 min, allowed to warm to rt, and then
stirred at rt for 2 h. Ethanolamine (1.30 mL, 1.31 g, 21.5 mmol, 1.5 equiv) was then added
dropwise over 2 min via syringe. After 10 min, the resulting cloudy, yellow mixture was diluted
with 200 mL of hexane and washed with 100 mL of satd NaHCO 3 solution and three 50-mL
portions of water. The combined aqueous phases were back-extracted with two 50-mL portion
of hexanes and the combined organic phases were washed with 50 mL of satd NaCl solution,
dried over MgSO 4, filtered, and concentrated to give 4.38 g of an orange oil. Column
226 Maloney, K. M.; Danheiser, R. D. Org. Lett. 2005, 7, 3115-3118.
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chromatography on 220 g and then on 200 g of silica gel (elution with benzene) afforded 3.812 g
(82%) of 215a and 215b (97:3 E:Z mixture by IH NMR analysis) as a yellow oil. IR (neat)
3090, 2969, 2939, 2877, 1805, 1639, 1397, 1230, 1197, 1144, 1037, 993, 9000, 783, and 726
cm'1. For the major E-isomer (215a): 'H NMR (500 MHz, CDCl3) 6 6.25 (dd, J= 17.5, 11.0
Hz, 1 H), 5.38 (t, J= 7.5 Hz, 1 H), 5.16 (d, J= 17.5 Hz, 1 H), 4.98 (d, J= 11.0 Hz), 4.33 (br s, 2
H), 3.55 (br s, 2 H), 2.42 (q, J= 7.5 Hz, 2 H), 2.22 (q, J= 8.0 Hz, 2 H), 1.74 (quint, J= 7.5 Hz, 2
H), 1.48 (quint, J= 7.5 Hz, 2 H), 1.02 (t, J= 7.5 Hz, 3 H); 13C NMR (125 MHz, CDCl 3) 6 141.4,
139.7, 130.9, 120.3 (q, J= 320 Hz), 113.4, 111.1, 49.4, 35.8, 27.2, 27.1, 26.1, 19.4, 13.8; Anal.
Calcd for C13HI9F3N2O2S: C, 48.14; H, 5.90; N, 8.65; Found: C, 48.12; H, 5.84; N 8.67. Some
resonances corresponding to the minor Z-isomer (215b) were observed: 'H NMR (500 MHz,
CDCl3) 6 6.66 (dd, J= 17.5 Hz, 11.0 Hz, 1 H), 5.34 (m, 1 H), 5.27 (d, J= 17.5 Hz, 1 H), 5.12
(m, 1 H); 13 C NMR (125 MHz, CDCl 3) 6 139.9, 132.6, 127.7, 113.8, 26.9, 26.5, 26.3, 13.5.
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6-Ethyl-(E)-5,7-octadienyliminoacetonitrile (214). A 250-mL, three-necked, round-
bottomed flask equipped with a rubber septum, glass stopper, and condenser fitted with an argon
inlet adapter was charged with Cs2CO3 (20.23 g, 62.09 mmol, 4.0 equiv) and 70 mL of THF. A
solution of triflamide 215a (5.035 g, 15.52 mmol, 1.0 equiv) in 20 mL of THF was added rapidly
dropwise via cannula over ca. 4 min, and the resulting mixture was heated at 55 *C for 2.5 h.
The reaction mixture was allowed to cool to rt and then diluted with 100 mL of H20 and 100 mL
of ether. The aqueous phase was separated and extracted with three 60-mL portions of ether, and
the combined organic phases were washed with 150 mL of satd NaCl solution, dried over
K2C0 3, filtered, and concentrated to give 3.301 g of a yellow oil. Column chromatography on
65 g of Et3N-deactivated silica gel (elution with 1% Et3N/10% EtOAc-hexanes) afforded 2.755 g
(93%) of 214 (77:23 mixture of E and Z imine isomers and contaminated with ca. 7% of the
imine derived from the Z-alkene isomer by IH NMR analysis) as a yellow oil: IR (neat): 3088,
3003, 2968, 2937, 2861, 1624, 1606, 1470, 1453, 1368, 1329, 1067, 992, 896, and 665 cm- ; For
the E isomer: 1H NMR (500 MHz, CDCl3) 8 7.38 (t, J= 1.5 Hz, 1 H), 6.24 (dd, J= 17.5, 10.5
Hz, 1 H), 5.39 (t, J= 7.5 Hz, 1 H), 5.13 (d, J= 17.5 Hz, 1 H), 4.95 (d, J= 11.0 Hz, 1 H), 3.65
(td, J= 6.5, 1.0 Hz, 1 H), 2.24 (q, J= 7.5 Hz, 2 H), 2.17 (q, J= 7.5 Hz, 2 H), 1.70-1.76 (m, 2 H),
1.41-1.47 (m, 2 H), 1.01 (t, J= 7.5 Hz, 3 H); 13C NMR (125 MHz, CDCl 3) 6 140.93, 139.9,
135.9, 131.8, 114.6, 110.8, 63.2, 29.7, 27.6, 27.25, 19.4, 13.8; Anal. Calcd for C12 H18N2 : C,
75.74; H, 9.53; N, 14.72; Found: C, 75.66; H, 9.48; N, 14.60. For the Z isomer: IH NMR (500
MHz, CDCl 3) 6 7.39 (t, J= 2.5 Hz, 1 H), 6.25 (dd, J = 11.0 Hz, 6.5 Hz, 1 H), 5.39 (t, J= 7.5 Hz,
282
1 H), 5.13 (d, J= 17.5 Hz, 1 H), 4.95 (d, J= 11.0 Hz, 1 H), 3.85 (td, J= 7.0, 2.0 Hz, 1 H), 2.25
(q, J= 7.5 Hz, 2 H), 1.77-1.80 (m, 2 H), 1.48-1.51 (m, 2 H), 1.06 (t, J= 7.5 Hz, 3 H); 13 C NMR
(125 MHz, CDC13) 6 140.89, 140.0, 131.9, 131.5, 113.4, 110.7, 59.8, 29.8, 27.7, 27.30, 19.4,
13.6. Some resonances corresponding to the iminoacetonitrile derived from the 7% Z-alkene
starting material impurity were also observed: 'H NMR (500 MHz, CDCl 3) 6 6.60-6.70 (m, 1 H),
5.25 (d, J= 17.5 Hz, 1 H), 5.08 (m, 1 H), 1.06 (t, 3 H).
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Cycloaddition Promoted by Stoichiometric MsOH.
(4R*, 10S*)- 1,2-Didehydro-4-cyano-1-ethylquinolizidine (213). A 250-mL round-
bottomed flask equipped with a rubber septum fitted with an argon inlet needle was charged with
4A molecular sieves (ca. 3 g) and a solution of iminoacetonitrile 214 (2.755 g, 14.48 mmol, 1.0
equiv) in 160 mL of CH 2Cl 2 . The reaction mixture was cooled at 0 'C while methanesulfonic
acid (1.22 mL, 1.81 g, 18.8 mmol, 1.3 equiv) was added dropwise via syringe over 4 min. The
pale yellow reaction mixture was stirred at 0 *C for 1 h, allowed to warm to rt over ca. 15 min,
and then stirred at rt for 1 h. The resulting yellow-orange mixture was filtered through a pad of
Celite with the aid of 100 mL of CH2C2. The filtrate was diluted with 100 mL of satd NaHCO 3
solution and the aqueous phase was separated and extracted with three 60-mL portions of
CH 2C12 . The combined organic phases were washed with 200 mL of satd NaCl solution, dried
over MgSO 4, filtered, and concentrated to give 3.214 g of peach-colored solid. A 250-mL
round-bottomed flask fitted with an argon inlet adapter was charged with a solution of this
material in 160 mL of CH3CN. The solution was stirred at 40 *C for 1.5 h, allowed to cool to rt,
and then concentrated to give 3.315 g of a peach-colored solid. Column chromatography on 100
g of Et3N-deactivated silica gel (elution with 1% Et 3N/10% EtOAc-hexanes) provided 2.491 g
(90%) of 213 as a yellow solid: mp 66-67 *C; IR (film): 2970, 2931, 2848, 2811, 2218, 1462,
1387, 1334, 1293, 1235, 1207, 1187, 1127, 1114, 1086, 1028, 859, and 788 cm-; IH NMR (500
MHz, CDC 3) 6 5.40 (dm, J= 6.0 Hz, 1 H), 3.75 (dd, J= 6.0, 1.0 Hz, 1 H), 2.84 (dm, J= 11.5,
Hz, 1 H), 2.77 (ddt, J= 11.0, 4.0, 2.0 Hz, 1 H), 2.65-2.72 (m, 1 H), 2.53 (td, J= 11.8, 3.0 Hz, 1
286
H), 2.24 (dm, J= 17.0 Hz, 1 H), 1.96-2.06 (in, 3 H), 1.87 (dm, J= 13.3 Hz, 1 H), 1.59-1.73 (in, 2
H), 1.40 (qt, J= 13.0, 4.5 Hz, 1 H), 1.17 (tdd, J= 13.0, 11.5, 3.5 Hz, 1 H), 1.03 (t, J= 7.5 Hz, 3
H); "C NMR (125 MHz, CDC13) 6 141.3, 117.3, 114.5, 59.8, 54.9, 52.4, 29.22, 29.19, 25.8,
25.7, 25., 12.5; Anal. Calcd for C12HI8N2: C, 75.74; H, 9.53; N, 14.72; Found: C, 75.68; H, 9.44;
N, 14.61.
Enantioselective Cycloaddition Promoted by Stoichiometric TRIP.
(4R*, 10S*)- 1,2-Didehydro-4-cyano-1-ethylquinolizidine (213). A 25-mL, three-
necked, round-bottomed flask equipped with two rubber septa, an argon inlet adapter, and a
thermocouple probe was charged with 4 A molecular sieves (ca. 0.524 g) and a solution of (R)-
TRIP (1.98 g, 2.62 mmol, 1.0 equiv) in 22 mL of CH 2Cl 2 . The reaction mixture was cooled at -
78 'C while a solution of iminoacetonitrile 214 (0.500 g, 2.62 mmol, 1.0 equiv) in 3 mL of
CH 2Cl 2 was added dropwise at a rate such that the internal temperature did not rise above -70 *C.
The flask was quickly transferred to a cold bath maintained at -25 'C and the reaction mixture
was stirred at -25 *C for 72 h. The resulting mixture was diluted with 20 mL of CH 2Cl 2 and 20
mL of 10% NaOH solution and the aqueous phase was separated and extracted with three 30-mL
portions of CH 2C12 . The combined organic phases were washed with 40 mL of satd NaCl
solution, dried over MgSO 4 , filtered, and concentrated to afford ca. 3 g of a yellow solid. This
material was filtered through 150 g of Et 3N-deactivated silica gel with the aid of 2 L of 1%
Et3N/10% EtOAc-hexanes. Concentration of the filtrate afforded 0.466 g of an yellow oil which
was dissolved in 10 mL of CH3CN and transferred to a 50-mL, recovery flask equipped with a
rubber septum and argon inlet needle. The solution was stirred at 55 *C for 1.5 h, allowed to
cool to rt, and concentrated to afford an orange oil. Column chromatography on 15 g of Et3N-
deactivated silica gel (elution with 1%Et3N/10% EtOAc-hexanes) afforded 0.357 g (71%) of 213
287
(72:28 er) as a pale yellow solid with spectral properties consistent with those previously
reported for this compound: [a]24D -20.3 (c 0.96 CHCl3)
The enantiomeric purity of the cycloadduct was determined by 'H NMR analysis of the
salt formed by reaction with (R)-(-)-1,1'-binaphthyl-2,2'-diylphosphoric acid. The phosphoric
acid (0.022 g, 0.063 mmol, 1.2 equiv) was added to a solution of the purified product (0.010 g,
0.053 mmol, 1.0 equiv) in 0.85 mL of 16:1 CDCl 3-CD 30D. An enantiomeric ratio of 72:28 was
determined by the ratio of integrals for the following resonances: 4.53 ppm (d, J = 5.5 Hz) and
4.50 ppm (d, J= 6.0 Hz), 72:28.
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213 (72:28 er) 244
(4R*, 10R*)-4-(tert-Butyldimethylsiloxyethyl)-1,2-didehydro-1-ethylquinolizidine
(244). A 25-mL, two-necked, round-bottomed flask equipped with a rubber septum and argon
inlet adapter was charged with a solution of diisopropylamine (0.81 mL, 0.583 g, 5.75 mmol, 3.1
equiv) in 8 mL of THF. The solution was cooled at 0 'C while n-BuLi (2.41 M in hexanes, 2.30
mL, 5.58 mmol, 3.0 equiv) was added dropwise via syringe over 3 min. The resulting yellow
solution was stirred at 0 *C for 10 min and then cooled at -78 'C while a solution of amino nitrile
213 (72:28 er) (0.353 g, 1.86 mmol, 1.0 equiv) in 3 mL of THF was added dropwise via cannula
over 10 min at a rate such that the internal temperature did not rise above -75 'C. The resulting
dark red-brown mixture was stirred at -78 *C for 2 h, and then a solution of 2-bromo-1-(tert-
butyldimethylsiloxy)ethane (0.467 g, 1.95 mmol, 1.05 equiv) in 4 mL of THF was added at a rate
such that the internal temperature did not rise above -74 'C (addition required ca. 5 min). The
orange-brown reaction mixture was stirred at -78 'C for 30 min and then poured into a separatory
funnel containing 10 mL of water and 20 mL of ether. The aqueous phase was separated and
extracted with three 30-mL portions of ether, and the combined organic phases were washed
with 100 mL of satd NaCl solution, dried over K2 C0 3 , filtered, and concentrated to give 0.720 g
of red oil that was used immediately in the next step without further purification.
A 50-mL, two-necked, round-bottomed flask equipped with a rubber septum and
condenser fitted with an argon inlet adapter was charged with NaBH 3CN (0.470 g, 7.48 mmol,
4.0 equiv) and 5 mL of CH3CN. Acetic acid (0.85 mL, 0.893 g, 15.5 mmol, 8.0 equiv) was
added dropwise via syringe over 3 min. The resulting colorless solution was stirred at rt for 5
292
min, and then heated at 50 *C. A solution of the alkylated nitrile prepared as described above in
3 mL of CH 3CN was added dropwise via cannula over 1 min. The resulting yellow solution was
stirred at 50 'C for 30 min, allowed to cool to rt, and then diluted with 30 mL of 10% NaOH
solution and 30 mL of Et20. The aqueous phase was separated and extracted with three 30-mL
portions of Et20, and the combined organic phases were washed with 50 mL of satd NaCl
solution, dried over MgSO 4, filtered, and concentrated to provide 0.820 g of a red oil. Column
chromatography on 20 g of Brockman V basic alumina (elution with 10% EtOAc-Hex) provided
0.443 g (74%) of 244 (91:9 dr at C-4 by 1H NMR analysis) as a yellow oil:2 27 For the major
isomer: IR (neat): 2930, 2856, 2784, 2727, 1463, 1388, 1361, 1255, 1098, 836, and 775 cm1; IH
NMR (500 MHz, CDC 3) 6 5.43 (dd, J= 3.5 Hz, 1.5 Hz, 1 H), 3.64-3.73 (m, 2 H), 3.16 (br s, 1
H), 2.69-2.74 (m, 1 H), 2.38 (br s, 1 H), 1.92-2.07 (m, 7 H), 1.53-1.68 (m, 4 H), 1.26-1.37 (m, 2
H), 0.98 (t, J= 7.5 Hz, 3 H), 0.89 (s, 9 H), 0.05 (s, 6 H); 13C NMR (125 MHz, CDCl3) 6 140.1,
118.6, 64.5, 60.8, 56.5, 49.2, 36.6, 31.5, 29.4, 26.4, 26.21, 26.18, 26.16, 18.53, 12.8, -5.0, -5.07;
Anal. Calcd for C19H37NOSi: C, 70.52; H, 11.53; N, 4.33. Found: C, 70.32; H, 11.77; N, 4.37.
Resonances corresponding to minor diastereomer were also observed: 1H NMR (500 MHz,
CDCl 3) 6 5.33 (d, J= 6.0 Hz, 1 H), 3.56-3.61 (m, 2 H), 2.85-2.88 (m, 2 H), 2.52-2.57 (m, 2 H),
1.79-1.95 (m, 4 H), 1.53-1.68 (m, 2 H), 1.40-1.47 (m, 2 H), 1.09-1.17 (m, 2 H), 0.98 (m, 3 H),
0.89 (s, 9H), 0.05 (s, 6 H); 13C NMR (125 MHz, CDCl 3) 6 140.6, 116.7, 61.8, 57.9, 54.8, 52.8,
36.3, 29.7, 29.6, 26.1, 25.9, 25.7, 24.6, 18.52, 12.9, -5.12, -5.2.
227 For this reaction, we obtained yields ranging from 74-82% with 88:12-91:9 dr.
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93:7 dr
(4R*, 10R*)-4-(Propyl)-1,2-didehydro-1-ethylquinolizidine (249). A 25-mL, three-
necked, round-bottomed flask equipped with two rubber septa, a thermocouple probe, and an
argon inlet adapter was charged with a solution of amino nitrile 213 (0.055 g, 0.29 mmol, 1.0
equiv) in 3 mL of ether. The flask was cooled at -30 'C while a solution of propylmagnesium
bromide (1.6 M in ether, 0.54 mL, 0.87 mmol, 3.0 equiv) was added dropwise via syringe over 3
min. The yellow reaction mixture was allowed to warm to 5 'C over 2 h. The reaction mixture
was then diluted with 10 mL of water and 15 mL of ether, and the aqueous phase was separated
and extracted with three 15-mL portions of ether. The combined organic phases were washed
with 25 mL of satd NaCl solution, dried over K2CO3 , filtered, and concentrated to afford 0.067 g
of red oil. Column chromatography on 5 g of silica gel (elution with 5% MeOH/0.5%
NH 40H/CHCl 3) and then on 12 g of alumina (elution with 3 %EtOAc-hexanes) afforded 0.024 g
(40%) of 249 (contaminated with 7% of minor isomer 250) as a yellow oil.
A pure sample of 249 was obtained by column chromatography on 10 g of silica gel
(elution with 2% MeOH/0.2%NH 40H/CHCl3) to give 0.011 g of a yellow oil: IR (neat) 2959,
2930, 2854, 2790, 2735, 1464, 1364, 1329, 1188, 1131, and 852 cm-; 'H NMR (500 MHz,
CDC 3) 6 5.34 (d, J= 5.0 Hz, 1 H), 2.72-2.82 (m, 3 H), 2.59 (td, J= 11.3, 2.5 Hz, 1 H), 2.39 (d, J
= 17.0 Hz, 1 H), 1.95-2.01 (m, 2 H), 1.90 (d, J= 13.8 Hz, 2 H), 1.80 (d, J= 13.0 Hz, 1 H), 1.49-
1.66 (m, 3 H), 1.13-1.41 (m, 5 H), 0.99 (t, J= 7.5 Hz, 3 H), 0.92 (t, J= 7.0 Hz, 3 H); 13C NMR
(125 MHz, CDCl 3) 6 140.5, 116.8, 57.9, 57.6, 52.6, 29.42, 29.36, 26.9, 26.1, 25.7, 25.6, 20.8,
14.6, 12.8; HRMS (ESI) m/z [M+H]* caled for C14H26N 208.2065, found 208.2060.
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97:3 dr
(4R*, 10S*)-4-(Propyl)-1,2-didehydro-1-ethylquinolizidine (250). A 25-mL, two-
necked, round-bottomed flask equipped with a rubber septum and argon inlet adapter was
charged with a diisopropylamine (0.240 mL, 0.173 g, 6.01 mmol, 3.1 equiv) and 2.5 mL of THF.
The solution was cooled at 0 *C while n-BuLi (2.59 M in hexanes, 0.650 mL, 1.67 mmol, 3.0
equiv) was added dropwise via syringe over 2 min. The resulting pale-yellow solution was
stirred at 0 *C for 10 min and then cooled at -78 'C while a solution of amino nitrile 213 (0.106
g, 0.557 mmol, 1.0 equiv) in 1.5 mL of THF was added dropwise via cannula over 10 min. The
resulting mixture was stirred at -78 *C for 2 h, and then a solution of propyl bromide (0.070 mL,
0.51 g, 2.1 mmol, 1.3 equiv) in 1 mL of THF was added rapidly dropwise via cannula over 1
min. The orange-brown reaction mixture was stirred at -78 *C for 10 min, allowed to warm to 0
"C, and stirred at 0 "C for 30 min. The reaction mixture was then diluted with 5 mL of water and
10 mL of ether and the aqueous phase was separated and extracted with three 15-mL portions of
ether. The combined organic phases were washed with 30 mL of satd NaCl solution, dried over
K2 C0 3, filtered, and concentrated to give 0.247 g of red oil that was used immediately in the next
step without further purification.
A 25-mL, two-necked, round-bottomed flask equipped with a rubber septum and an
argon inlet adapter was charged with NaBH 3CN (0.140 g, 2.23 mmol, 4.0 equiv) and 2.5 mL of
CH 3CN. Acetic acid (0.250 mL, 0.263 g, 4.46 mmol, 8.0 equiv) was added dropwise via syringe
over 3 min. The resulting colorless solution was stirred at rt for 45 min, and then a solution of
the alkylated nitrile prepared as described above in 0.5 mL of CH 3CN was added dropwise via
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cannula over 1 min. The resulting yellow solution was stirred at rt for 3 h and then diluted with
10 mL of 10% NaOH solution and 15 mL of Et20. The aqueous phase was separated and
extracted with three 15-mL portions of Et20, and the combined organic phases were washed with
35 mL of satd NaCl solution, dried over MgSO 4, filtered, and concentrated to provide 0.150 g of
red oil. Column chromatography on 12 g of silica gel (elution with 3% MeOH/0.3%
NH40H/CHCl 3) provided 0.057 g (50%) of 250 (contaminated with 3% of minor isomer 249) as
a yellow oil.
A pure sample was of 250 was obtained by column chromatography on 10 g of silica gel
(elution with 2% MeOH/0.2%NH 40H/CHCl3) to give 0.009 g of 250 as a yellow oil: IR (neat)
2960, 2932, 2783, 2726, 1638, 1449, 1441, 1378, 1190, 1111, 852, and 732 cm-1 ; 'H NMR (500
MHz, CDC 3) 6 5.45 (d, J= 2.0 Hz, 1 H), 3.18 (br s, 1 H), 2.66 (br s, 1 H), 2.25 (br s, 1 H), 1.93-
2.01 (m, 6 H), 1.56-1.71 (m, 4 H), 1.23-1.44 (m, 5 H), 0.99 (t, J= 7.0 Hz, 3 H), 0.91 (t, J= 7.0
Hz, 3 H); 13 C NMR (125 MHz, CDCl 3) 6 140.1, 118.9, 64.6, 58.9, 49.7, 35.8, 31.5, 29.5, 26.4,
26.2, 24.8, 19.1, 14.8, 12.9; HRMS (ESI) m/z [M+H]* calcd for C14H26N 208.2065, found
208.2062.
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87:13 dr
(4R*, 10S*)-4-(Propyl)-1,2-didehydro-1-ethylquinolizidine (250) and (4R*, 10R*)-4-
(Propyl)-1,2-didehydro-1-ethylquinolizidine (249). A 25-mL, pear-shaped flask equipped
with a rubber septum and argon inlet needle was charged with a solution 244 (0.218 g, 0.674
mmol, 1.0 equiv) in 2 mL of THF and 1 M aq HCl solution (1.0 M in H2 0, 1.0 mL, 1.0 mmol,
1.5 equiv). The reaction mixture was allowed to stir at rt for 1 h. The reaction mixture was then
diluted with 20 mL of Et 2 0 and 10 mL of 1 M aq NaOH solution. The organic phase was
separated and washed with three 10-mL portion of 1 M aq NaOH solution and 30 mL satd aq
NaCl solution, dried over MgSO4, filtered and concentrated to afford 0.209 g of a yellow oil.
Column chromatography on 22 g of silica gel (elution with 1% NH40H/10% MeOH-CHCl 3)
afforded 0.115 g (82%) of the corresponding primary alcohol as a pale yellow oil.
A 10-mL, two-necked, round-bottomed flask equipped with an argon inlet adapter and
rubber septum was charged with a solution of the alcohol prepared above (0.050 g, 0.24 mmol,
1.0 equiv) in 2 mL of CH2 Cl 2, and tosyl chloride (0.048 g, 0.25 mmol, 1.05 equiv). The reaction
solution was cooled at 0 *C while DMAP (0.001 g, 0.01 mmol, 0.05 equiv) was added followed
by dropwise addition of triethylamine (0.37 mL, 0.027 g, 0.26 mmol, 1.1 equiv) via syringe over
ca. 1 min. The colorless reaction mixture was stirred at 0 *C for 10 min, allowed to warm to rt,
and stirred at rt for 2 h. The resulting solution was diluted with 10 mL of CH 2Cl 2 and 10 mL of
water, and the organic phase was separated and washed with two 20-mL portions of water. The
combined aqueous phases were back-extracted with 30 mL of CH 2Cl 2 , and the combined organic
303
phases were then washed with 30 mL of satd NaCI solution, dried over Na 2 SO 4 , filtered, and
concentrated to afford 0.089 g of orange oil that was used in the next step without further
purification.
A 10-mL, two-necked, round-bottomed flask equipped with an argon inlet adapter and
rubber septum was charged with Cul (0.380 g, 1.99 mmol, 1.0 equiv). The flask was evacuated
(ca. 0.1 mmHg) and the contents briefly heated with a Bunsen burner. The flask was cooled to rt
under argon and 1 mL of ether was addded. The resulting suspension was cooled at 0 'C while
MeLi (1.34 M in ether, 2.98 mL, 3.98 mmol, 2.0 equiv) was added dropwise via syringe over 5
mm.
A 25-mL, two-necked, round-bottomed flask equipped with an argon inlet adapter and
rubber septum was cooled at 0 'C and charged with the tan solution of LiMe2Cu (ca. 1.34 M in
ether, 0.30 mL, 0.60 mmol, 2.5 equiv) prepared as described above and 1.5 mL of ether. A
solution of the tosylate prepared as described above in 0.7 mL of ether was added dropwise via
cannula over 2 min. The tan reaction mixture was stirred at 0 *C for 2.5 h, and then a second
portion of LiMe2Cu (ca. 1.36 M in ether, 0.30 mL, 0.60 mmol, 2.5 equiv) was added via syringe
over ca. 1 min. The reaction mixture was stirred at 0 'C for 2 h, allowed to warm to rt, stirred at
rt for 1 h, and then diluted with 10 mL ether and 10 mL of satd NH4C1 solution. The aqueous
phase was separated and 10% NaOH solution (ca. 25 mL) was added to adjust the pH to 10. The
resulting solution was extracted with two 10-mL portions of ether, and the combined organic
phases were washed with 15 mL of satd NaCl solution, dried over K2 CO3 , filtered, and
concentrated to afford 0.027 g of yellow oil. Column chromatography on 8 g of silica gel
(elution with 2% MeOH/0.2% NH 40H/CHCl3) afforded 0.018 g (36%) of 250 and 249 (87:13
mixture by 'H NMR analysis) as a yellow oil: For 250: IR (neat) 2959, 2931, 2872, 2726, 1459,
304
1440, 1378, 1254, 1190, 1111, 852, and 733 cm~1; IH NMR (500 MHz, CDC 3) 6 5.45 (s, 1 H),
3.18 (br s, 1 H), 2.57-2.82 (m, 1 H), 2.25 (br s, 1 H), 1.89-2.01 (m, 6 H), 1.59-1.70 (m, 4 H),
1.15-1.42 (m, 5 H), 0.98 (t, J= 7.5 Hz, 3 H), 0.91 (t, J= 7.0 Hz, 3 H); 13C NMR (125 MHz,
CDC 3) 6 140.0, 118.9, 64.6, 58.9, 49.4, 35.7, 31.4, 29.4, 26.4, 26.2, 24.7, 19.1, 14.8, 12.8;
HRMS (ESI) m/z [M+H]* calcd for C1 4H2 6N 208.2065, found 208.2059; Some resonances
corresponding to minor diastereomer 249 were observed: IH NMR (500 MHz, CDC13) 6 5.33 (d,
J= 5.5 Hz, 1 H), 2.39 (d, J= 17.0 Hz, 1 H), 1.80 (d, J= 12.0 Hz, 1 H), 0.99 (t, J= 7.5 Hz, 3 H),
0.92 (t, J= 7.0 Hz, 3 H); 13 C NMR (125 MHz, CDC13) 6 116.9, 57.9, 57.6, 52.6, 26.9, 26.1, 25.7,
25.6, 20.8, 14.6.
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244 254
(1R*, 4R*, 10R*)-1-Ethyl-4-(hydroxyethyl)quinolizidine (254). A 50-mL, round-
bottomed flask equipped with a rubber septum and argon inlet needle was charged with a
solution of 244 (91:9 mixture at C-4 by 'H NMR) (0.443 g, 1.37 mmol, 1.0 equiv) in 6 mL of
toluene. Diphenyl phosphate (0.360 g, 1.44 mmol, 1.05 equiv) was added and the resulting clear,
colorless solution was stirred at rt for 10 min. PtO2 (0.047 g, 0.206 mmol, 0.15 equiv) was
added, the argon inlet was removed, and a hydrogen-filled balloon fitted with a 6-in inlet needle
was attached to the flask with the tip of the needle submerged in the reaction solution. An outlet
needle was attached and hydrogen was bubbled through the solution for 10 min during which
time the brown reaction mixture turned black. The resulting mixture was stirred at rt for 4 h
under hydrogen and then the balloon was removed and the flask was equipped with an argon
inlet needle. The reaction mixture was diluted with 20 mL of THF and 1 M HCl (4.1 mL, 4.1
mmol, 3.0 equiv) was added dropwise via syringe over 2 min. After stirring at rt for 1.5 h, the
reaction mixture was filtered through a pad of Celite with the aid of 75 mL of EtOAc and 30 mL
of H20. The filtrate was washed with 30 mL of 10% NaOH solution and the aqueous phase was
back-extracted with three 30-mL portions of EtOAc. The combined organic phases were washed
with 30 mL of satd NaCl solution, dried over MgSO 4, filtered, and concentrated to give 0.463 g
of cloudy, colorless oil. Column chromatography on 60 g of silica gel (elution with 8%
MeOH/0.8% NH40H/CHCl3) afforded 0.195 g (50% overall from cycloadduct 213)228 of the
desired isomer 254 (71:29 er) as a yellow oil: IR (neat): 3422, 2935, 2862, 2795, 2762, 1643,
2 28 For this reaction, we obtained yields ranging from 50-61% from cycloadduct 213.
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1449, 1379. 1342. 1136, 1102, 1067, and 984 cm-1; 'H NMR (500 MHz, CDC13) 6 5.74 (br s, 1
H), 4.15 (td, J= 11.8, 3.0 Hz, 1 H), 3.67 (ddd, J= 11.0, 5.0, 2.0 Hz, 1 H), 3.62 (dm, J= 11.5 Hz,
1 H), 2.45, (tdd, J = 14.8, 12.5, 4.5 Hz, 1 H), 2.32-2.36 (m, 1 H), 1.93-2.02 (m, 2 H), 1.84 (dq, J
= 13.0, 2.5 Hz, 1 H), 1.62-1.75 (m, 3 H), 1.35-1.58 (m, 7 H), 1.22-1.31 (m, 2 H), 1.16 (dm, J=
15.0 Hz, 1 H), 0.88 (t, J= 7.5 Hz, 3 H); 13 C NMR (500 MHz, CDC13) 6 67.0, 62.6, 60.5, 53.9,
40.3, 31.43, 31.38, 26.7, 26.2, 25.2, 23.8, 18.3, 12.4; EA - Anal. Caled for C13H2 5NO: C, 73.88;
H, 11.92; N, 6.63; Found: C, 73.90; H, 11.75; N 6.70.
The enantiomeric purity of the 254 was determined by IH NMR analysis of the salt
formed by reaction with (R)-(-)-1,1'-binaphthyl-2,2'-diylphosphoric acid during the resolution
(vida infra).
309
68*0159 S6*0
19lr 061T IsEzsBI
TFT F~
'16*0
L60
S6* TWL0
0011
E I
.. .. .... .... f
~Udd E1 T T LOT
if r W 1 A
4 I ,fW
'e*g
S9 L
....... ...... ...... ...... ....
6*1 coz SO
41 L I L:
HO'
6 01
txdd 8EC 6*E 0?V
Ll l
I H
zudd
uxdd oz ot 09
L L-IJ L -.I .. ..
....... .... .....
10 to
lab (21
otfi
(21 0
08 D0 O T 0 T 091 081 O-E
w0 be
O U-3'
Et Et
N N
OH OH
254 254
(71:29 er) (> 98:2 er)
(1R*, 4R*, 1OR*)-1-Ethyl-4-(hydroxyethyl)quinolizidine (254). A 500-mL, round-
bottomed flask was charged with a solution of alcohol 254 (0.194 g, 0.918 mmol, 1.0 equiv) in
50 mL of MeOH. (R)-(-)-1,l'-Binaphthyl-2,2'-diylphosphoric acid (0.320 g, 0.918 mmol, 1.0
equiv) was added in a single portion and the resulting mixture was stirred at rt until all of the
solids had dissolved. The resulting solution was concentrated to afford a colorless oil. This oil
was dissolved and concentrated twice from 100 mL of CH 3CN to afford a white solid.229 The
solids were dissolved in 210 mL of hot CH3CN (80 'C) and the solution was allowed to cool to rt
over 1 h, and then allowed to stand at rt for 2 h and then at 2-8 'C for 18 h. The resulting white
needles were collected by suction filtration on a Buchner funnel and washed with two 10-mL
portions of ice-cold CH3CN to afford material that was determined to have 96:4 er by 'H NMR
analysis.23 0 The crystals were dissolved in 225 mL of hot CH 3CN (80 C) and the solution was
allowed to cool to rt over 1 h, allowed to stand at rt for 2 h and then at 2-8 *C for 18 h. The
resulting white needles were collected by suction filtration on a Buchner funnel and washed with
two 10-mL portions of ice-cold CH3CN.
229 An enantiomeric ratio of 71:29 was determined by the ratio of integrals for the following resonance in the 1H
NMR spectrum: 0.79 ppm (d, J= 7.0 Hz) and 0.72 ppm (d, J= 7.5 Hz).
An enantiomeric ratio of 96:4 was determined by the ratio of integrals for the following resonances in the 1H
NMR spectrum: 0.78 ppm (d, J= 7.0 Hz) and 0.66 ppm (d, J= 7.5 Hz).
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An enantiomeric ratio of >98:2 was determined by 'H NMR analysis. Only one
resonance at 0.77 ppm (t, J= 7.0 Hz) was visible.
The crystals were dissolved in a 20 mL of 1:1 mixture of Et20 and 1 M aq NaOH in a
100-mL round bottom flask and stirred vigorously for 10 min. The resulting heterogeneous
mixture was filtered through a 2-inch pad of Celite in a Buchner funnel with the aid of 150 mL
of Et2O and 50 mL of 1 M aq NaOH solution. The aqueous phase of the filtrate was separated
and extracted with three 20-mL portions of Et20. The combined organic phases were washed
with 50 mL of satd aq NaCl solution, dried over MgSO 4, filtered, and concentrated to afford
0.105 g of 254 (>98:2 er) (78% of theoretical, 54% overall yield from 254 (71:29 er)) as a
colorless oil with spectral data consistent with that reported previously: [a]24D -3.9 (c 1.0,
CHCl 3).
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CN
OH "N1 r:r
0.80 0.65 ppm
99.80
0.20
10 9 8 7 6 5 4 3 2 1 ppm
... .L... iT I
2.20 2.28.07 1.12 1.17 5.22 1.052.432.12.66 3.02
2.43 4.2483 1.13L.27 2.23 1.02.15.08 0.98 0.01
254 (-)-Quinolizidine 2071 hydrochloride
(98:2 er)
(-)-Quinolizidine 2071 hydrochloride. A 25-mL, three-necked, round-bottomed flask
equipped with an argon inlet adapter, two rubber septa, and a thermocouple probe was charged
with a solution of (COCl) 2 (0.110 mL, 0.160 g, 1.31 mmol, 2.0 equiv) in 2.7 mL of CH2 Cl 2 and
cooled at -78 'C while a solution of DMSO (0.700 mL, 0.770g g, 9.80 mmol, 15 equiv) in 3 mL
of CH 2Cl 2 was added dropwise via cannula over 10 min at a rate such that the internal
temperature did not rise above -74 'C. The reaction mixture was stirred at -78 'C for 15 min and
then a solution of alcohol 254 (98:2 er) (0.138 g, 0.653 mmol, 1.0 equiv) in 3 mL of THF was
added dropwise over 2 min at a rate such that the internal temperature did not rise above -75 'C.
After 15 min, Et3N (0.59 mL, 0.431 g, 4.24 mmol, 6.5 equiv) was added dropwise via syringe
over 1 min. The reaction mixture was stirred at -78 'C for 5 min, allowed to warm to rt over 15
min, and stirred at rt for 5 min. The resulting cloudy-white mixture was cooled at -5 'C while a
solution of Me3SiCH 2MgCl (0.99 M in Et20, 6.6 mL, 6.6 mmol, 10 equiv) was added dropwise
via syringe over 10 min at a rate such that the internal temperature did not rise above 3 'C. The
reaction mixture was stirred at 0 'C for 1 h and then 5 mL of ice-cold H20 was added dropwise
over 3 min. The resulting mixture was diluted with 20 mL of EtOAc, 20 mL of water, and 5 mL
of satd NH4C1 solution. The aqueous phase was separated and extracted with four 20-mL
portions of EtOAc, and the combined organic phases were washed with 30 mL of satd NaCl
solution, dried over MgSO 4, filtered, and concentrated to afford 0.214 g of yellow oil that was
used in the next step without further purification.
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A 25-mL, round-bottomed flask equipped with a rubber septum and argon inlet needle
was charged with a solution of the p-hydroxysilane prepared above in 6.5 mL of THF. The
solution was cooled at 0 'C while concd H2SO 4 (0.150 mL, 2.70 mmol, 4.0 equiv) was added
dropwise via syringe over 1 min. A white precipitate formed immediately upon addition, but
redissolved as the reaction mixture was allowed to warm to rt. The reaction mixture was stirred
at rt for 2 h and then diluted with 20 mL of ether and 20 mL of 1 M aq NaOH solution. The
aqueous phase was separated and extracted with four 20-mL portions of ether, and the combined
organic phases were washed with 35 mL of satd NaCl solution, dried over MgSO 4 , filtered, and
concentrated to afford 0.124 g of yellow oil. Column chromatography on 15 g of Brockman II
basic alumina (gradient elution with 0-2.5% Et2O-hexanes) afforded 0.105 mg of a colorless oil.
This material was transferred to a 50-mL, pear-shaped flask and dissolved in methanolic
HCl (3 M, 2.0 mL, 6.5 mmol, 12 equiv). The solution was swirled for 1 min and then
concentrated twice from 5 mL of EtOAc to give ca. 0.170 g of a pale yellow solid. The solid
was dissolved in 10 mL of boiling EtOAc and the resulting solution was allowed to cool to rt
under argon and stand at rt for 3 h. The solution was then cooled at -20 'C for 18 h and the
resulting solids were collected by filtration via filter-cannula, washed with 5 mL of cold EtOAc
and two 5-mL portions of cold ether, and then dried for 18 h (rt, 0.05 mmHg) to afford 0.107 g
(67% overall yield from alcohol 254)231 of (-)-quinolizidine 2071 hydrochloride as a white solid:
[a]24D -22.1 (c 1.0, CHCl 3) mp 190-191 'C; IR (thin film, CDCl 3) 3415, 2944, 2875, 2635, 2527,
1641, 1451, 1422, 996, and 912 cm; IH NMR (500 MHz, CDC 3) 6 11.36 (br s, 1 H), 5.67
(dddd, J= 17.3, 10.8, 7.8, 6.5 Hz, 1 H), 5.18 (dq, J=17.0, 1.5 Hz, 1 H), 5.13 (dq, J=10.0 Hz, 1.0
Hz, 1 H), 3.99-4.01 (m, 1 H), 2.94-2.99 (m, 1 H), 2.88 (ddt, J= 12.5, 9.5, 3.0 Hz, 1 H), 2.77-2.83
231 For this reaction, we obtained yields ranging from 60-67% from alcohol 254.
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(m, 1 H), 2.65 (dtt, J= 12.0, 8.5, 4.0 Hz, 1 H), 2.36-2.52 (m, 2 H), 2.27 (dq, J= 12.8, 4.0 Hz, 1
H), 1.97-2.09 (m, 2 H), 1.87-1.94 (m, 2 H), 1.73-1.85 (m, 3 H), 1.61-1.69 (m, 2 H), 1.39-1.52 (m,
2 H), 0.91 (t, J= 7.5 Hz, 3 H); 13C NMR (125 MHz, CDC13) 6 133.6, 119.2, 69.4, 67.4, 53.7,
39.4, 35.1, 28.6, 25.6, 24.4, 23.5, 23.3, 18.5, 12.4; Anal. Calcd for C14H2 6C1N: C, 68.97; H,
10.75; N, 5.74; Found: C, 68.75; H, 11.05; N, 5.68.
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(-)-Quinolizidine 2071 hydrochloride (-)-Quinolizidine 2071
99:1 er
(-)-Quinolizidine 2071. To a solution of (-)quinolizidine 2071 hydrochloride (0.051 g,
0.209 mmol) in 1 mL of CH2Cl 2 was added 20 mL of ether and 20 mL of 10% NaOH. The
resulting solution was transferred to a 125-mL separatory funnel, and the aqueous phase was
separated and extracted with four 20-mL portions of ether. The combined organic phases were
washed with 30 mL of satd NaCl solution, dried over MgSO 4, filtered, and concentrated to afford
0.041 g (95%) of (±)-quinolizidine-2071 as a pale yellow oil: [a1] 2 4 D -59.6 (0.44, CHC13) [lit
[a]26D +29.5 (c 0.44. CHC3); IR (neat) , 2934, 2872, 2789, 2760, 1639, 1446, 1390, 1379, 1348,
1326, 1278, 1248, 1129, 1109, 1056, 993, 909 cm'; 'H NMR (500 MHz, CDCl 3) 6 5.82 (dddd, J
= 17.0, 10.0, 7.5, 6.5 Hz, 1 H), 4.99-5.04 (m, 2 H), 3.31 (dm, J= 11.5 Hz, 1 H), 2.41 (dm, J=
14.5 Hz, 1 H), 2.13 (dt, J= 13.0 Hz, 4.0 Hz, 1 H), 1.93 (dt, J= 11.5, 2.0 Hz, 1 H), 1.83-1.88 (m,
1 H), 1.77 (dm, J= 12.5 Hz, 1 H), 1.71 (dm, J= 12.5 Hz , 1 H), 1.18-1.65 (m, 12 H), 0.85 (t, J=
7.5 Hz, 3 H); 13C NMR (125 MHz, CDCl 3) 6 136.5, 116.2, 67.0, 64.4, 53.3, 40.8, 38.6, 31.3,
27.4, 26.6, 26.5, 25.3, 18.7, 12.8; Anal. Calcd for C14 H2 5N: C, 81.09; H, 12.15; N, 6.75; Found:
C, 80.89; H, 12.23; N, 6.75.
The enantiopurity was determined by chiral GC on a Chirasil-DEX CB (initial temp = 70
'C; 5 'C/min to 180 'C; 180 *C 14 min); retention times 15.35 min (minor) and 15.56 (major);
1:99 ratio.
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(-)-Quinolizidine 2071
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Data File C:\CHEM32\2\DATA\BPF\SFVI300A_701N.D
Sample Name: SFVI300A_70IN
Acq. Operator Seq. Line : 5
Acq. Instrument : Chiral GC (6850 GC) Location : Vial 6
Injection Date : 07-May-11, 12:12:37 Inj : 1
Inj Volume l pl
Acq. Method : C:\CHEM32\2\METHODS\SDFIN70.M
Last changed : 5/7/2011 11:03:53 AM
Analysis Method : C:\CHEM32\2\METHODS\SDFINSO.M
Last changed : 5/7/2011 1:00:42 PM
(modified after loading)
Method Info : chirasil-dex
FID1 A, (BPF\SFV1300A 70 N.D)
pA &
12000
10000 .
8000
6000
4000
2000
0 5 10 15 20 25 mi
Area Percent Report
Sorted By : Signal
Multiplier: : 1.0000
Dilution: : 1.0000
Use Multiplier & Dilution Factor with ISTDs
Signal 1: FIDI A,
Peak RetTime Type Width Area Height Area
# (min] [min] [pA*sJ [pAJ %
--- I----i ------- I-------I --------- ~- -----
1 0.790 BB 0.0246 6.65978 3.59327 0.01942
2 0.894 BB S 0.0321 3.37938e4 1.35679e4 98.56037
3 8.262 BB 0.0330 3.12913 1.46100 0.00913
4 12.969 BB 0.0355 3.31590 1.46244 0.00967
5 15.354 BB 0.0385 6.74653 2.66780 0.01968
6 15.560 BB 0.0467 473.76074 142.93550 1.38173
Totals : 3.42874e4 1.37200e4
*** End of Report ***
Chiral GC (6850 GC) 5/7/2011 1:00:44 PM Page 1 of 1
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Print of window 38: Current Chromatogram(s)
Data File : C:\CHEM32\2\DATA\BPF\SFVI300A701N.D
Sample Name : SFVI300A_70IN
Acq. Operator : Seq. Line : 5
Acq. Instrument : Chiral GC (6850 GC) Location : Vial 6
Injection Date : 07-May-11, 12:12:37 Inj : 1
Inj Volume 1 pl
Acq. Method : C:\CHEM32\2\METHODS\SDFIN70.M
Last changed : 5/7/2011 11:03:53 AM
Analysis Method : C:\CHEM32\2\METHODS\SDFIN5oM
Last changed : 5/7/2011 1:00:42 PM
(modified after loading)
Method Info : chirasil-dex
Current Chromatogram(s)
FID1 A, (BPR\SFVI300A-70ND)
pA
160
140
120
100
80
60
40
20 .
-
......
. . . . . . . . . . ... ....
15.35 15.4 15.45 155 1555 156 15.65 miWChiral GC (6850 GC) 5/7/2011 1:01:05 PM Page 1 of 1
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Table 12
12
11
9H
6 13 15,
14
This Work (+)-2071 - Toyooka (±)-2071 - Rassat 1-epi-2071 Toyooka
(500 MHz, CDCl3) (500 MHz, CDC13) (400 MHz, CDCl3) (500 MHz, CDCI3)
Atom aJ J JJ
12 0.84 t, J= 7.5 Hz 0.87 t, J= 7.3 Hz 0.88 t,J= 7.5 Hz 0.83 d, J =8.0 Hz, 3 H
2,3,6,7, 1.18-1.64 m 1.25-1.66 br m 1.20-1.83 m 0.99 qd, J=12.0, 4.0 Hz, 1 H
8,9,11
8 1.70 app d, J= 12.5 Hz 1.73 dm, J= 12 Hz -- -- 1.04-1.13 m, 1 H
2 1.76 dq, J= 10, 2.5 Hz -- -- -- -- 1.14-1.25 m, 3 H
4 1.85 dddd, J= 7.0, 7.0, 1.88 br m 1.85-1.93 m 1.36 qm, J=14.0 Hz, I H
7.5, 3.5 Hz
10 1.93 dt, J= 11.5, 2.0 Hz 1.96 d-like, J= 11 1.97 ddd, 1.47-1.65 brm,4H
Hz J 11.4, 2.6, 2.6 Hz
13 2.10-2.15 m 2.15 m 2.12-2.22 m 1.67-1.77 m,4H
13 2.40 dm, J= 14.5 Hz 2.42 dm, J= 12 Hz 2.44 dddd, 1.90-1.97 m, 2 H
J= 14.2, 6.5, 3.2, 1.6,
1.6 Hz
6 3.31 app d, J= 11.5Hz 3.33 Dm J= 11 Hz 3.32-3.38 m 2.14 dtt-like, J = 14.0, 7.2, 1.0
Hz, 1 H
15 4.99-5.03 m 5.03 m, 2H 5.02-5.09 m 2.41 dm, J=14.0 Hz, 1 H
14 5.81 dddd, 5.83 m, 1H 5.85 dddd, 3.28 dm, J=11.0 Hz, I H
J= 17.0, 10.0,7.5, J= 17.0, 10.3, 7.5,
6.5 Hz 6.7 Hz
- - - - -- -- -- 4.99-5.05 m, 2 H
-- -
-- -- -- 5.77-5.85 m, I H
Table 13
12
11
9 H
8 105
S N 4  3
6
13 15
14
This Wok232 (+)-2071 (±)-2071 C-1-epi-2071Toyooka23 3 Rassat24 Toyooka"'
Atom
12
11
8
3 or 7
3 or 7
2
9
13
1
6
4
10
15
14
12.8
18.7
25.3
26.5
26.6
27.4
31.3
38.6
40.8
53.3
64.4
67.0
116.2
136.5
12.5
18.5
25.1
26.3
26.3
27.2
31.1
38.4
40.6
53.1
64.2
66.8
116.0
136.4
232 Referenced CDC13 residual peak to 77.23 ppm
233 Referenced CDCl 3 residual peak to 77.0 ppm
234 Referenced CDC13 residual peak to 77.0 ppm
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a
12.4
18.4
25.0
26.2
26.3
27.1
31.0
38.3
40.6
53.0
64.1
66.7
115.9
136.2
10.4
24.6
25.0
26.1
29.4
29.8
31.3
38.8
41.9
51.7
62.8
67.4
116.1
136.3
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